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Abstract 
         
     The primary focus of this dissertation is to link the geological diagenesis 
mechanism of sandstones to theoretical rock-physics models and experimental 
measurements to quantitatively characterize the elastic modulus of sandstone from 
high-porosity (early geological stage) sediments to low-porosity consolidated (aged 
geological stage) rocks. In order to quantitatively investigate the velocity dispersion and 
attenuation mechanism of sandstones, the seismic-frequency measurements are 
conducted under both room-dry and partial gas or water-saturation conditions.  
I address two main aspects of this research topic, from the theoretical point of view: 
(1) to modify the grain-contact models and understand the effect of micro-scale physical 
parameters on the elastic properties of porous-granular packs; and (2) to characterize the 
cementation thickness and cement material as feature-effects on the elastic modulus of 
cemented grain packs, with consideration of geological diagenesis. Meanwhile, from the 
experimental point of view: (1) to integrate the seismic-frequency measurements with 
ultrasonic measurements, and to quantitatively characterize velocity dispersion and 
attenuation mechanism of weakly consolidated sandstone under room-dry and partial 
water-saturation conditions; and (2) to conduct specialized ultrasonic measurements on 
the mixture of heavy oil-glass bead to investigate the uniquely elastic property of heavy 
oil-sand, which is  temperature-dependent. 
 
 
vi 
 
 
 
 
 
 
CONTENTS 
Acknowledgement…………………………………………………………………..iii 
Abstract…………………………………………………………………………….…v 
List of Figures………………………………………………………….……………xii 
List of Tables…………………………………….…………………………..……....xix 
1. Introduction ............................................................................................................. 1 
  1.1  Geological background of sandstones .............................................................. 1 
     1.1.1 Mechanical compaction………………………….…………………..…2 
     1.1.2 Chemical compaction………………………………….………..…..….2 
1.2  Effects of sorting and packing on grain-contact model.……..…................…..4 
1.3  Effect of cementation on cement-contact model…………….…………….…..4 
  1.4  Stress magnitude and strain-amplitdue order………………………………….5 
1.5  Frequency and scale……….…….……………………………….……....…....7 
1.6  Motivivations…………………..….………………………….……..…….…10 
1.7  Dissertation organization ................................................................................ 12 
2. Rock-physics modeling of unconsolidated sands………………………………15 
2.1 Geological backgound of sandstones ........................................................... 15 
2.2 Classification of rock-physics models..……………………………………..15 
2.3 Rock-physics modeling of unconsolidated sands: accounting for partial 
vii 
 
 
 
 
 
friction-grain contacts and heterogeous stress field……………………..……….....20 
2.3.1 Abstract……………………………………………………………......21 
2.3.2   Introduction……………………………………………………......…...21 
2.3.3   Grain-contact theory……………….......................................................23 
2.3.4   Partial slip on the surface of grain contacts with non-zero contact 
friction………………………………………………………………..….27 
2.3.5   Numerical examples………………………………………………..….31 
2.3.6   Discussions…………………………………………………….....……33 
2.3.7   Conclusions……………………………………………………..……..35 
3. Rock-physics diagnostics of depositional texture, diagenetic alternations in 
cemented sandstones.…………………………………………...…………..………..37 
3.1 Abstract............................................................................................................37 
3.2 Introduction………………………………………………………………….37 
3.3 Sandstone diagenesis…………………………………………………………40 
3.3.1 Porosity evolution of sandstone………………………………………..41 
3.3.2   Critical porosity of sandstone……………………………………..……43 
3.3.3 Clay types and their distribution……………………………………….43 
3.4 Revision of rock-physics modeling on sandstones……………………….…45 
3.4.1 Review of cement-contact model………………………………………46 
viii 
 
 
 
 
 
       3.4.1.1 Stiffness of cement-contact model ……………………..…….47 
       3.4.1.2 Calculation of effective modulus of sandstones……..……….48 
3.4.2 Stress distribution at the grain contacts.………….…..……………….….49 
3.5 Extended cement-contact model……………………………………….……51 
  3.6   Numerical simulations………………………………………………………52 
3.7   Conclusions…………………………………………………………………57 
4. Effect of partial water-saturation on velocity dispersion and attenuation of weakly 
consolidated sandstone over low frequency band……………………….…….…...58 
4.1 Abstract………………………………………………………………………58 
4.2 Introduction………………………………………………………………….59 
4.3 Theory……………………………………………………………………….61 
4.3.1 Velocity dispersion and attenuation mechanism…………...……….....61 
4.3.2 Physical understanding of dispersion and attenuation…………....…....63 
4.3.3 Measured frequency and scale……………………………….…….…..64 
4.4. Principle of low-frequency measurement..................................................... 67 
4.4.1 Directly measured Young's modulus and Poisson’s ratio…….….…….68 
4.4.2 Attenuation: phase difference……………………………………...….71 
4.4.3 Cole-Cole modeling…………………………………………….……..72 
4.5 Challenges of low-frequency measurement ................................................. 75 
ix 
 
 
 
 
 
4.5.1 Low-strain amplitude .......................................................................... 75 
4.5.2 Low signal-to-noise ratio……………………………………………..76 
4.6 Accuracy analysis ......................................................................................... 77 
4.7   Calibration of low-frequency system………………………………………80 
4.8   Low-frequency measurent on field sandstone…………………...…………81 
   4.8.1 What is "dry" rock?....................................................................................81 
   4.8.2 Sample description…….……..……………………………....……….….82 
   4.8.3 Low-frequency meausrement under room-dry condition………………..82        
   4.8.4 Low-frequency measurement under partial water-saturation condition…86 
4.9   Discussions ................................................................................................... 90 
4.10  Conclusions……………………………………………………………..…..96 
5. Porosity of heavy oil-sand: laboratory measurement and bound analysis……98 
5.1 Abstract……………………………………………………………………...98 
5.2 Introduction………………………………………………………………….99 
5.3 Sample description and measurement strategy…………………………….101 
5.4 Procedure of porosity measurement using Archimedes principle.…………104 
5.5 Porosity calculation of using solid volume…………………………………111 
5.5.1 Procedure of heavy oil-extraction…………………………………….111 
 
x 
 
 
 
 
 
5.5.2 Mineral density measurement………………………………………...113 
5.5.3 Porosity calculation of using directly measured solid-volume……...114 
5.6 Uncertainties analysis ..................................................................................116 
5.6.1 Porosity measurement of using Archimedes principle ...................... 116 
5.6.2 Procedure of heavy oil-extraction ..................................................... 117 
5.7   Discussions ..................................................................................................118 
5.7.1 Comparison of two-measurement dataset . ....................................... 118 
5.7.2 Porosity-bound analysis .................................................................... 120 
5.7.3 Percentage estimation of heavy oil and water-saturation .................. 120 
5.7.4 Efficiency and expense ...................................................................... 122 
5.8  Conclusions .................................................................................................. 122 
6. Elastic properties of heavy oil-sand: effects of temperature, pressure, and 
microstructure……………………………………………………………………..124 
6.1 Abstract ...................................................................................................... 124 
6.2 Introduction ................................................................................................ 125 
6.3 Laboratory measurements .......................................................................... 128 
6.3.1 Ultrasonic measurements of heavy oil .............................................. 129 
       6.3.1.1 Modulus as a function of pressure and temperature ………..129 
       6.3.1.2 Shear-viscosity as a function of temperature ……………….132 
xi 
 
 
 
 
 
       6.3.1.3 Velocities as a function of frequency…………………….…..133 
6.3.2 Ultrasonic measurements of heavy oil-saturated sand ...................... 135 
       6.3.2.1 Effect of pressure on elastic modulus of solid frame under "as-is" 
dry condition…………………………………………………………136 
       6.3.2.2 Effect of pressure on elastic modulus of heavy oil-saturated 
sand…………………………………………………………………..137 
       6.3.2.3 Effect of tmeprature on elastic modulus of heavy oil-saturated 
sand……………………………………………………………..……..140 
       6.3.2.4 Effects of other factors on elastic modulus of heavy oil-saturated 
sand………………………………………………………….………..144 
6.4  Discussions………………………………………………………………..….145 
6.4.1 The dominant effect of heavy oil on rock-physics modeling………….145 
6.5  Conclusions……………………………………………………………………148 
7.  References…………...............................................................................................149 
8.  Appendix…………………………………………………………………………..160 
 
 
 
 
 
 
xii 
 
 
 
 
 
 
 
List of Figures 
Figure 1.1 A schematic of sand-clay compaction. At 70 oC, mechanical compaction 
gradually transforms into predominantly chemical compaction in siliciclastic systems. 
For quartz-rich sands, initial cementation tends to start at the same depth. Path I is direct 
grain contact with cementation around the corner of grain contacts, while path II is direct 
grain contact with coating cementation.…….………….…………………….…..……….3 
Figure 1.2 A schematic of sand grains with cementation: (a) arrangement type I; (b) 
arrangement type II.…………………………....………………………………....………5 
Figure 1.3 (a) The elasticity against porosity during geological diagenesis; (b) Elasticity 
against pressure during laboratory measurement…………….…………………………..6 
Figure 1.4 A scheme of scales and frequencies used for variously geophysical 
measurements.………………………………………………………………….………….8 
Figure 1.5 Intrinsic P-wave attenuation, 1/Q, plotted as a function of the frequency on the 
rocks at the Imperial College test site (Sams et al., 1997). VSP and sonic-log estimations 
have been corrected for scattering attenuation...............................……………….….…..9 
Figure 2.1 Schematic illustrations of (a) Hertz model; and (b) Mindlin model of 
two-grain spheres……..…………………………………...………….…………….……17 
xiii 
 
 
 
 
 
Figure 2.2 Calculation of P-wave and S-wave velocities of a condensed sand-packs using 
Walton’s roughness and frictionless-sphere models; the measured velocities of a 
glass-bead packs (Domenico, 1977) is also listed……………......……..………..……...19 
Figure 2.3 Schematic view of identical two-sphere grains undergoing deformation when 
pressure is added.………….……………………………………………………….……23 
Figure 2.4 The heterogeneity distribution of mean-stress for each grain in a stable 
granular pack. The color bar shows stress magnitudes in MPa (Sain, 2010)…………. ..25  
Figure 2.5 SE image of single-grain surface showing micro-roughness (Chester, 
2004)………………………………………………………………………….…………28 
Figure 2.6 Schematic relation between tangential stress and path history…........……...29 
Figure 2.7 Shear modulus is a function of the partial slip parameter, friction term, and 
confining pressure.…………………………………….…………..……….……….……32 
Figure 2.8 Velocities against confining pressure when the fraction of partial slip is 1….33 
Figure 2.9 Effective shear modulus of partial friction-heterogeneity model when 
1pf  ………………………………………………………………………………….…35 
Figure 3.1 (a) P-wave velocity-porosity of sandstones; (b) A schematic of geological 
diagenesis of sandstones (after Nur et al., 1998).…………..………………..………….39 
Figure 3.2 A schematic of sand-clay compaction………………………… …....………41 
Figure 3.3 The factors of affecting influence porosity during raw-sedimentary 
diagenesis……………………………………………………………………….. ……...42 
Figure 3.4 Allogenic clay sources. Sandstones may be infiltrated by a variety of detrital 
clays (from Ali, et al., 2010).................…………………….…………….…….…….…44 
xiv 
 
 
 
 
 
Figure 3.5 (a) Cemented clay in interstices between grains; (b) Pore-filling kaolinite in 
the pore space (adapted from Ali et al., 2010).……………….………………….….….45 
Figure 3.6 Sketch of elasticity of sandstones against porosity in different 
diagenesis.......................…………………………………………………………..…46 
Figure 3.7 Cemented grain contacts of conventional CCT. (a) Arrangement type I; (b) 
Arrangement type II...…………………………………………………………………..48 
Figure 3.8 Normal stress distribution along the radius of cement layer. Stress (vertical 
axis) is normalized by the average stress. The horizontal axis is the normalized distance 
along the radius of the cement layer ( 0 r a  ).…………………..………….……..….50 
Figure 3.9 Cemented grain contacts of extended CCT. (a) Arrangement type I with 
cementation thickness ( )h r ; (b) Arrangement type II with coating cementation thickness 
( a ).…………………………………………………………………………...…………51 
Figure 3.10 Effective modulus of cemented grain packs. (a) Bulk modulus of 
quartz-cemented grain packs with cementation type I; (b) Shear modulus of 
quartz-cemented grain packs with cementation type I.. …………………………..……..53 
Figure 3.11 (a) Bulk modulus of clay-cemented grain packs with cementation type I; (b) 
Shear modulus of clay-cemented grain packs with cementation type I..……….….….....54 
Figure 3.12 VpVs ratio against normalized cementation thickness for cement type I. (a) 
Quartz-cemented grain packs; (b) Clay-cemented grain packs.………….……..…....….56 
Figure 4.1 Seismic wave-energy loss mechanism (after Liner, 2012)……………..…62  
Figure 4.2 A schematic illustration of velocity dispersion associated with different 
mechanisms. The potential geological features that cause the fluid flow are also listed in 
xv 
 
 
 
 
 
the corresponding positions (after Zhao, 2014)…..….………………………………...63 
Figure 4.3 A scheme of scales and frequencies for variously geophysical measurement 
approaches...………………………………………………………………..….…...……65 
Figure 4.4 A schematic of the entire frequency-dependence of P-velocity and the 
corresponding attenuation for partial fluid-saturation under both low and high 
fluid-mobility circumstances (after Batzle et al., 2006)…....……………………..……..66 
Figure 4.5 A schematic of low-frequency measurement apparatus……....…..…………67 
Figure 4.6 A schematic setup of sample stacking with standard.………………….....…69 
Figure 4.7 An example of Cole-Cole modeling. (a) Young’s modulus against frequency; 
(b) Inverse-quality factor against frequency……………………………………………74 
Figure 4.8 Strain amplitude and attenuation in rocks (arom Winkler et al, 1979)...…...75 
Figure 4.9 Measured six-channel signals at 400 Hz. White and red is the Young’s 
strain-amplitude of the standard; yellow and pink is the Young’s strain-amplitude of the 
sample, which is used to calculate Young’s modulus of the sample; blue and light blue is 
the Poisson’s ratio strain-amplitude of the sample, which is applied in the calculation of 
Poisson’s ratio……………………………………………………………....…………...76 
Figure 4.10 (a) Strain-amplitude ratio against frequency on single Young’s gauge on 
aluminum test; (b) Strain-amplitude ratio against frequency on a Young’s gauge attached 
on the standard and sample, respectively; (c) Phase-angle difference for single Young’s 
gauge on aluminum test; (d) Phase-angle difference for Young’s gauge attached on the 
surface of  the standard and sample, respectively……..…………………….……….…78 
Figure 4.11 The Young’s modulus of aluminum, measured by the static method (0 Hz), 
xvi 
 
 
 
 
 
force-deformation principle (2-800 Hz), and the ultrasonic measurement (106 Hz)...….79 
Figure 4.12 Quality factor of aluminum.......................................................………..…80 
Figure 4.13 Converted P-wave and S-wave velocities against frequency for sample #2 
under room-dry conditions...........…………………………….………………….……82 
Figure 4.14 Ratio of converted bulk modulus and shear modulus against frequency for 
sample #2 under room-dry conditions……………………………….………..……….83 
Figure 4.15 Poisson’s ratio against frequency for sample #2 under room-dry 
conditions…………………………………………………………………..…….…….84 
Figure 4.16 Converted P-wave velocity against frequency for sample #2 under different 
degree of water-saturation……………………………………………….…………….86 
Figure 4.17 Converted S-wave velocity against frequency for sample #2 under different 
degree of water-saturation…………………………………………………………........86 
Figure 4.18 The VpVs ratio again frequency for sample #2 at different degree of 
water-saturation...........................................................................................................…..88 
Figure 4.19 The measured Poisson’s ratio against frequency for sample #2 under partial 
water-saturation conditions………………………………………………………………89 
Figure 4.20 The measured Young’s inverse-quality factor against water-saturation 
degree………………….……………………..………………………..…………..……..90 
Figure 4.21 Velocities against water-saturation for both laboratory measurements and 
Gassmann prediction. (a) P-wave velocity; (b) S-wave velocity……………...…...…….91 
Figure 4.22 (a) Measured Young’s modulus and Cole-Cole’s model fitting against 
frequency; (b) Inverse-quality factor and Cole-Cole’s model fitting against 
xvii 
 
 
 
 
 
frequency...........................................................................................................................94 
Figure 5.1 The shape of sample of heavy oil-sand……….…………..………………..100 
Figure 5.2 Porosity-measurement strategy of sample of heavy oil-sand using Archimedes 
principle (left) and using solid-volume preservation (right)............................….…..….102  
Figure 5.3 A schematic of porosity-measurement applying Archimedes principle........103 
Figure 5.4 A schematic of the Teflon wrapping around sample and metal caps in 
two-side of sample of heavy oil-sand……………….………..………………..………105 
Figure 5.5 Estimated porosity with different degree of heavy oil-saturation. The 
abbreviation “Sb” indicates the percentage of heavy oil-saturation...............................110 
Figure 5.6 A schematic of the procedure of heavy oil-extraction……………..……….111 
Figure 5.7 Grain density of sample of heavy oil-sand..........…………………………..113 
Figure 5.8 Porosity, measured by using Archimedes principle with different degree of 
heavy oil-saturation from different data sources...……….……..………….…………..120 
Figure 5.9 Estimation of heavy oil- and water-saturation on the sample of heavy 
oil-sand…………………………………………………………………………………120 
Figure 6.1 Schematic diagram of transition zone of heavy oil as a function of temperature 
(adapted from Han et al, 2008).........………………………..………………………....125 
Figure 6.2 (a) Measured bulk modulus and calculated shear modulus of heavy oil; (b) 
Modulus increment against pressure; (c) Modulus increment against temperature.......130 
Figure 6.3 The shear-viscosity of heavy oil against the temperature (API=6.6o).....….132 
Figure 6.4 (a) P-wave velocity against frequency; (b) S-wave velocity against frequency  
…………………………………………………………………………………….…..134 
xviii 
 
 
 
 
 
Figure 6.5 Modulus of dry-solid packs against confining pressure..............................136 
Figure 6.6 Modulus against confining pressure. (a) sample #8; (b) sample #9; (c) sample 
V3………………………..…………………………………………..……………..….139  
Figure 6.7 Modulus of heavy oil-saturated sand samples as a function of temperature. (a) 
sample #8; (b) sample #9; (c) sample V3…………………………………………......141 
Figure 6.8 (a) comparison of temperature effect on both bulk modulus and shear modulus 
after heavy oil-saturation; (b) modulus increment.........................................................143 
Figure 6.9 Velocity prediction of solid Gassmann’s equation temperature with laboratory 
measurement....………………………………………………………..……..……….146 
 
 
 
 
 
 
 
 
 
 
 
 
 
xix 
 
 
 
 
 
 
List of Tables 
Table 2.1: Physical parameters of silica glass….……………………...…….………31 
Table 3.1:  The parameters for normal stress distribution in cementation with 
cemented materials……………………………..……..…………….…….……………49 
Table 3.2: The parameters for the host materials and variation in stiffness of cement 
materials (The parameters from Nur et al., 2009).………………….……………...…....52 
Table 4.1: The basic properties of sample #2..………………………..….……………...81 
Table 4.2 The input and output parameters for utilizing Gassmann’s equation...…...….92 
Table 4.3: The parameters for Cole-Cole equation for sample #2………………....……95 
Table 5.1: Measured porosity b  of sample of “as-is” heavy oil-sand with the 
assumption of 100% fluids-saturation……………………..……….……………..……109 
Table 5.2: Porosity calculation using measured solid volume…….………..……..…...114 
Table 5.3: Porosity comparison between data from Archimedes principle and from 
directly measured solid volume data..……….……….…………………………………117 
Table 6.1: Physical parameters of heavy oil-sands samples..……….…………………127 
Table 6.2a: Effect of pressure on bulk modulus....…………………………..…….…..137 
Table 6.2b: Effect of pressure on shear modulus. …………………..……..…….…….214 
 
 
                         
1 
 
 
 
 
 
 
Chapter 1  
Introduction 
 
     The sandstone-reservoir rocks undergo complicated diagenesis but with a traceable 
geological history. The elastic property of sandstones is highly related to the geological 
environment, which, in itself, is a challenging issue. Theoretical rock-physics modeling 
and experimental measurements have been recognized to be promising approaches for 
characterizing sandstone-reservoir rock’s elastic properties. However, the blurred 
understanding of the geological diagenesis mechanism of sandstone obstructs us from 
quantitatively characterizing its elastic modulus. In addition, the pore fluids is another 
key parameter for determining the elastic properties and seismic responses. It is essential 
to establish a rock-physics relationship to link the physical properties of sandstone to 
their historically geological diagenesis. Specific laboratory measurements were 
undertaken to establish this link.  
 
1.1 Geological background of sandstones 
     The geological history of sandstone can be split into three stages: suspension, 
deposition, and compaction. Mechanical compaction and chemical compaction are the 
two-basic phenomena that underlie the elastic properties of sandstone.  
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1.1.1 Mechanical compaction 
     The compaction of sand grains usually goes through stages of dynamic and 
static processes, as seen in Figure 1.1. The nonlinear variation in the elastic property 
of sandstone by gravity can be observed at the static stage. The deformation of 
unconsolidated sands is time-dependent, where a threshold of viscous-compaction 
pressure causes an inelastic to elastic transition or the reverse (Hagin and Zoback, 
2004). 
     Either soft-pore or micro-crack closure or grain repacking could induce 
inelastic compaction. As sand grains start to stabilize as a random, condensed 
structure, further packing by the increased pressure, as seen in the laboratory, is 
mainly elastic. A variable parameter, coordination number, of significantly affecting 
the elastic property of sandstone is fairly stable. However, while the ultrasonic 
measurement points are elastic, increased pressure process is inelastic. More 
specifically, we always measure the elastic properties of a “new” rock during the 
pressure cycles.  
 
1.1.2 Chemical compaction 
     For the geological diagenesis of clastic rocks, increased pressure compacts 
buried sediments. This is a quasi-static, inelastic process. With increasing depth, 
sand grains can flow, roll over, slide, deform, and break to repack and reduce 
porosity. As Figure 1.1 shows, the mechanical compaction vanishes when the 
temperature reaches 70 
o
C. However, the chemical compaction process, including 
3 
 
 
 
 
 
pressure, mineral precipitation, and cementation, will occur and continue to reduce 
porosity significantly.  
     With the rise in pressure and temperature as the depth increases, cementation 
could occur due to mineral precipitation or chemical reaction-induced cementation 
by pore-filling materials. Cementation significantly influences the elastic properties 
of sandstones through the following factors: first, the physical property of the 
cementation materials has a significant impact on elastic properties of sandstones; 
second, the fraction of cementation materials is non-ignorable; and third, distribution 
of cementation is another key factor should be considered.  
 
Figure 1.1 A schematic of sand-clay compaction. At 70 
o
C, mechanical compaction 
gradually transforms into predominantly chemical compaction in siliciclastic systems. 
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For quartz-rich sands, initial cementation tends to start at the same depth. Path I is direct 
grain contact with cementation around the corner of grain contacts, while path II is direct 
grain contact with coating cementation. 
 
1.2 Effects of sorting and packing on grain-contact model 
     Sorting and packing are textural properties of the clastic sediments, which are 
initially associated with the depositional process. Sorting refers to the spread of the 
grain-size population. Packing refers to the grain concentration. They both are closely 
related to porosity. For un-cemented granular packs in the same pressure condition, 
sorting and packing are considered to be the dominant mechanisms affecting 
velocity-porosity, and is generally calculated from rock-physics models of an idealized 
sphere packs (Marion et al., 1992; Avseth et al., 2000; Dvorkin and Gutierrez, 2001; 
Zimmer et al., 2002; Zimmer, 2003). However, the main source of uncertainty in these 
contact models comes from the coordination number and the assumption of using an 
idealized sphere grain. Therefore, incorporating a reasonable coordination number into 
the grain-contact model is a reasonable representation of the sorting and packing effects.  
 
1.3 Effect of cementation on cement-contact model 
     During diagenesis, unconsolidated sands are likely to become cemented sandstone. 
The cemented material may be diagenetic quartz, calcite, albite, or other minerals. 
Cementation has a rigid, stiffening effect, because the grain contacts are glued together 
(Avesth et al., 2010). Moreover, according to the cement-contact model (Dovrkin et al., 
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1994), the cementation distribution is also a key parameter that affects the stiffness of 
sandstone, Figure 1.2.  
 
(a)                         (b)    
Figure 1.2 A schematic of sand grains with cementation: (a) arrangement type I; (b) 
arrangement type II. 
 
1.4  Stress magnitude and strain-amplitude order  
For the original geological packing process, the compaction of sediments usually 
goes through stages of dynamic and static process. The static process possibly occurs at 
the stage of mechanical compaction, while the dynamic process is observed when the 
sediments are completely lithified at the stage of chemical compaction, or after the grain 
packs are stabilized during the pressure-involved laboratory measurement. The 
strain-amplitude order is a quantitative parameter in the laboratory measurement. When 
the magnitude of the measured strain amplitude is less 10
-6
, it is assumed to be a dynamic 
6 
 
 
 
 
 
(elastic) measurement. In comparison, when the magnitude of the strain amplitude is over 
10
-6
, it is considered to be a static (inelastic) measurement. 
     For original process of geological packing, the critical porosity mechanically 
divides sandstone into a static stage and a dynamic stage, Figure 1.3 (a). While static 
stage of laboratory measurements generally occurs when the confining pressure is less 
than 20 MPa, Figure 1.3 (b). “Static” indicates that the suspension particles or artificial 
loose-grain packs slide into more stable positions, forming tighter packing with low 
porosity and increased grain-to-grain contacts. On the other hand, based on a specific 
geological environment, a primarily mechanical with a partially chemical process could 
occur. This would cause grain deformation, even under increased pressure. Point contacts 
between grains would be gradually transformed into flat contacts and, finally, into 
concave or sutured contacts. While “dynamic” suggests that only elastic diagenesis can 
be implemented with increased pressure. With regarding to the laboratory measurement, 
the strain-amplitude order is always less 10
-6
 at dynamic stage before the rock yields.  
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(a) 
 
(b) 
Figure 1.3 (a) The elasticity against porosity during geological diagenesis; (b) Elasticity 
against pressure during laboratory measurement.  
 
1.5 Frequency and scale 
     With respect to clastic rocks, the geological process and the statistical fluctuation in 
geological history can cause sedimentary rocks to exhibit heterogeneities, ranging from 
the micrometer grain and pore scale to the many-kilometer basin scale. Moreover, the 
frequencies of measured waves can span from several Hz to 10
7 
Hz. Correspondingly, 
scales and frequencies of geophysical measurements range from millimeter 
wavelength in high-frequency ultrasonic measurements to tens of meters in 
low-frequency surface seismic, Figure 1.4.  
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Figure 1.4 A scheme of scales and frequencies used for variously geophysical 
measurements. 
 
     Figure 1.5 shows the frequency-dependent intrinsic attenuation of P-wave 
determined from a series of experiments conducted at the Imperial College test site 
(Sams et al., 1997). These experimental results combine ultrasonic measurements 
(300-900 kHz) with sonic logs (8-24 kHz), crosswell (0.2-2.3 kHz), and vertical seismic 
profile (VSP) data (30-280 Hz), suggesting that a significant amount of energy loss can 
take place over a broad frequency range.  
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Figure 1.5 Intrinsic P-wave attenuation, 1/Q, plotted as a function of the frequency on the 
rocks at the Imperial College test site (Sams et al., 1997). VSP and sonic-log estimations 
is corrected for scattering attenuation. 
 
     The intrinsic dispersion and attenuation arise a wave-induced fluid flow (WIFF) 
mechanism. WIFF occurs as passing waves create pressure gradients within the fluid 
phase, and internal friction accompanies the resulting movement of the fluid relative to 
the solid until the pore pressure is equilibrated (Müller et al., 2010). Therefore, 
frequency-dependent waves, propagating in a fluid-saturated porous media, could 
cause scale-dependent intrinsic dispersion and attenuation, where the mechanical 
energy would dissipate into heat (Aki and Richards, 1980). The integration of the 
geophysical measurement of rock’s property at different frequencies aids in the 
complete understanding of the complexity of clastic rocks.  
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1.6 Motivations 
Unconsolidated sands and consolidated sandstones are porous, granular sedimentary 
rocks with pore-filling materials, which may strengthen the rock frame or only occupy 
the pore space depending on the geological diagenesis. This research focuses on the 
prediction of elastic property of sandstones from experimental measurements, integrating 
concepts from a theoretical rock-physics model, sedimentary geology, and 
geo-mechanisms. This work has developed rock-physics models and measurement 
method that will assist in the assessment of sandstone (heavy oils) reservoir. The primary 
aim is the thorough understanding of the effects of micro-scale physical parameters on 
the elastic properties of sandstones, taking geological diagenesis into consideration. More 
specifically, it addresses three-key issues: 
(a) How do the microstructures of unconsolidated sediments impact their elastic 
properties? What role does the geological diagenesis play in determining the 
elastic properties of clastic rocks? With respect to loose-sand media, surface 
friction between grain contacts is non-ignorable, resulting in the tangential 
loading path being irreversible when tangential stress is added. Moreover, the 
tangential stress will cause partial sliding on the surface of grain contacts. 
Macroscopically, the effective shear modulus increases when increased partial 
slip-grain contacts, or increased micro-friction on the area of grain contacts. 
Regarding poorly cemented sandstones, the numerical simulations show that 
both the cementation thickness and cementation feature have significant impacts 
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on elastic property of consolidated sandstone. In addition, the position of 
cementation is another key parameter that should be considered when applying 
cement-contact model to predict elastic properties of consolidated sandstones. 
(b) What is the effect of frequency on the elastic property of fluid-saturated 
sandstone in laboratory measurement? How does the degree of water-saturation 
affect the elastic property of water-saturated sandstone? How is low-frequency 
measurement conducted in the laboratory? It was known that when waves pass 
through partially fluid-saturated sandstones, there would be velocity dispersion 
and attenuation (Winkler, 1989; Han et al., 2004; Batzle et al., 2006). It may 
exist different interpretation mechanisms of inducing velocity dispersion and 
attenuation (Biot, 1956a, 1956b, 1962). Measuring these phenomena in the 
laboratory within the seismic frequency band is always challenging. The 
low-frequency measurements ranging from 2 Hz to 800 Hz are conducted for the 
partially water-saturated sandstones. Meanwhile, simultaneous measurements 
over the ultrasonic frequency band (1000 KHz) are also conducted to ensure that 
the measurements are consistent.  
(c) How can we experimentally measure the “as-is” porosity of sample of heavy 
oil-sand? What is the role of heavy oil in determining the elastic property of 
heavy oil-sand? Can we quantitatively characterize the effects of temperature, 
pressure, and microstructure on the heavy oil-sand reservoir? A promising 
measurement strategy is proposed to identify the “as-is” porosity of a heavy 
oil-sand sample. The proposed strategy not only keeps the sample intact, but is 
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also advantageous in minimizing mass loss and external covers using 
Archimedes principle. Moreover, porosity calculated from a direct measurement 
gives us a low bound of porosity, while the “as-is” porosity, estimated from 
Archimedes principle, presents an upper bound of porosity. It is found that the 
elastic properties of heavy oil-sand is affected by multiphase of heavy oil and 
solid matrix with regards to the temperature, pressure, and microstructure. In 
particular, the viscosity-induced elastic modulus of heavy oil makes the elastic 
property of heavy oil-saturated grain packs temperature-dependent. 
 
1.7 Dissertation organization 
     The first part of this dissertation, which constitutes chapter 2 to chapter 4, presents 
the results regarding both theoretical rock-physics modeling and experimental 
measurements of the elastic property of sandstones. The second part, which includes 
chapter 5 and chapter 6, deals with the elastic property of sample of heavy oil-sand.  
     Chapter 2 specifically focuses on the rock-physics modeling of unconsolidated 
sands, which accounts for the macroscopic stress-heterogeneity distribution of grain 
packs and microscopic friction on the area of grain contacts. Based on a theoretical 
analysis and numerical simulation, it is demonstrated that surface friction between grain 
contacts is non-ignorable, which results in the tangential loading-path being irreversible 
when tangential stress is added. Moreover, the tangential stress causes partial sliding on 
the surface of grain contacts. Macroscopically, the effective shear modulus increases with 
increased partial slip-grain contacts, or increased micro-friction on the area of grain 
13 
 
 
 
 
 
contacts.   
     Chapter 3 analyzes the effects of cementation thickness and cementation feature on 
the elastic property of poorly consolidated sandstones and their relationship with the 
geological diagenesis.  
     Chapter 4 uses the force-deformation principle to experimentally investigate the 
effect of partial water-saturation on sandstone over the low-frequency band. Seismic 
waves, propagating in fluid-saturated porous rocks, are subject to intrinsic dispersion 
and attenuation, where the mechanical energy dissipates into heat (Aki and Richards, 
1980). Here, intrinsic attenuation refers to the relative movement between pore fluids and 
skeleton due to the pore-pressure gradient. Theoretically, Gassmann’s equation is applied 
to characterize the elastic property of sandstone at relaxed frequency (2 Hz). Meanwhile, 
Cole-Cole equation, as a model of characterizing single dispersion and attenuation 
mechanism of fluids-saturated rock, is utilized to verify the measured Young’s model and 
predict corresponding attenuation.  
     Chapter 5 mainly focuses on dealing with the issues of heavy oil-sand. A confined 
porosity-measurement strategy is specifically proposed to measure the “as-is” porosity of 
a heavy oil-sand sample. This proposed strategy successfully estimates the “as-is” 
porosity of heavy oil-sand, using the Archimedes principle. It can be assumed to be the 
upper bound of porosity. More importantly, Archimedes principle not only keeps the 
sample intact but is also advantageous for minimizing mass loss and external covers. 
Furthermore, another porosity data, calculated by the direct measurement of grain volume 
and bulk volume, leads us to a low bound of porosity.  
14 
 
 
 
 
 
    Chapter 6 experimentally studies the elastic properties of heavy oil-sand, influenced 
by the multiphase of heavy oil and the solid matrix with regard to temperature, pressure, 
and microstructure. The specialized ultrasonic measurements are designed and performed 
for both heavy oil and heavy oil-saturated grain packs. It is found that heavy oil acts as a 
part of solid frame of the heavy oil-sand when the viscosity of heavy oil reaches 10
15
 cP 
at the temperature of the glass point, while heavy oil is likely to be movable, accordingly, 
once its viscosity dramatically drops to ~10
3
 cP at the temperature of the liquid point. The 
viscosity-induced elastic modulus of heavy oil, in turn, makes the elastic properties of 
heavy oil-saturated grain packs particularly temperature-dependent. Therefore, the 
temperature, as the external condition, is the first-order factor to determine the elastic 
property of the sample of heavy oil saturated-sand packs. 
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Chapter 2 
Rock-physics modeling of 
unconsolidated sands 
 
 
2.1 Geological background of sandstones 
     The geological history of sandstone can be split into three stages: suspension, 
deposition, and compaction. Laboratory experiments demonstrate that the deposition 
condition for sandstones has a strong impact on the concentration of natural sediments 
(Allen, 1991). The results from different studies (Steinour, 1944; Kolbuszewski, 1948; 
and Macrae and Gray, 1961) indicated that the grain concentration varies from a constant 
value of about 0.65 at a small rate of deposition to a lower constant value of about 0.55 at 
a fast rate of deposition under the assumption of identical grain. Mechanical compaction 
and chemical compaction are the two-basic phenomena that underlie the elastic properties 
of sandstones.  
 
2.2 Classification of rock physics models  
Rock-physics model is a powerful tool to bridge the elastic properties of sandstones 
and the physical parameters, which include porosity, fluid saturation, pressure, mineral 
composition, and degree of consolidation. Both theoretical studies and laboratory 
experiments are conducted to identify the effects of physical parameters on the elastic 
properties of sandstones. On the one hand, experimental observations need to be 
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interpreted by theoretical rock-physics models. On the other hand, because assumptions 
must be made in developing any rock-physics models to simplify the mathematics, 
experimental observations are required to verify the validity of the assumptions.  
  Grain-contact models are mostly developed to study the effective elastic 
properties of a random granular packs. Most contact models (Brandt, 1955; Walton, 1987; 
Digby, 1981; Noriss and Johnson, 1997; Makse and Herrmann., 1999; Jenskin, 2005) are 
based on the Hertz-Mindlin solution (Hertz, 1884; Mindlin, 1949). The key parameters 
determining the stiffness of grain packs are the elastic modulus of the spherical grains 
and the area of grain contacts, which results from the deformability of the grain under 
external pressure (Avseth et al., 2005).  
     Hertz (1884), Mindlin (1949), Digby(1981), Walton (1987), and Johnson (1988) 
have studied the normal stiffness of two-grains in contacts, deformed by the only external 
normal-force, Figure 2.1(a). The contact area of two-grain spheres is related to Young’s 
modulus E , Poisson’s ratio  , the radius R  of the grain sphere, and the applied force 
nF . The radius of the contact area is given by  
     
1 12
3 3
3 (1 ) 3 (1 )
( ) =( )
4 8
n n
n
F R F R
a
E G
  
                                  (2.1)  
     It is assumed to be smaller than the grain radius. G  is the shear modulus of the 
grain.  
     The displacement between the center of the two-grain spheres is given by   
     
22
3
2 3 ( 1 )2
( )
8
n na F Ru
R R G

                                                (2.2) 
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     Therefore, the normal contact stiffness 
nS  is 
           
42
1
n
n
n
Ga
S
du dF 
 

                                   (2.3) 
 
(a)                     (b) 
Figure 2.1 Schematic illustrations of (a) Hertz model; and (b) Mindlin model of 
two-grain spheres.  
 
     Mindlin (1949) formulated a model that includes both normal and tangential forces, 
Figure 2.1(b). It has been proved that the shear stiffness is more sensitive to the sequence 
of loading, the area of grain contact, and friction coefficient. It is assumed that no slip 
should occur at the contact-surface area as long as the applied tangential force tF  is 
much smaller than the limit of friction force nF , where   is the coefficient of 
friction.          
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     The tangential displacement 
tu  is  
     
2
33 ( 2 ) [ 1 ( 1 ) ]
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  
                                      (2.4) 
     Therefore, the tangential contact stiffness 
tS  is  
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du dF F 
  

                                      (2.5) 
     In Equation 2.5, if =t nF F , the shear stiffness is null, which is a frictionless case, 
as Walton (1987) proposed. It will reduce to the low bound of elastic property of random 
grain packs, Figure 2.2. If set nF  , then
t
n
F
F
 is close to 0. As a result, an upper 
bound of shear stiffness is given by 
     
8
2
t
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S



                                                               (2.6) 
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Figure 2.2 Calculation of P-wave and S-wave velocities of a condensed sand-packs using 
Walton’s roughness and frictionless-sphere models; the measured velocities of a 
glass-bead packs (Domenico, 1977) is also listed.  
 
     Digby (1981) related the shear stiffness to the pre-existing radius b of the area of 
grain contacts as follows 
     
8
2
t
Gb
S



                                                             (2.7) 
     The normal displacement of the grain contact satisfies (Digby, 1981)  
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     Normal force is given by   
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     If set 0, 0c b b    
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2.3 Rock-physics modeling of unconsolidated sands: accounting for partial 
friction-grain contacts and the heterogeneous stress field 
2.3.1 Abstract 
     A partial friction-heterogeneity model of a random-compacted granular medium 
can be formulated using two parameters ( pf , ( )f  ) to account for (1) the macroscopic 
stress-heterogeneity distribution of grain packs and (2) the microscopic friction on the 
area of grain contact. This proposed partial friction-heterogeneity model indicates that 
surface friction on the surface of grain contacts is non-ignorable, which results in the 
tangential loading path being irreversible when tangential stress id added. Moreover, the 
tangential stress causes partial sliding on the surface of grain contacts. Macroscopically, 
the effective shear modulus will increase when partial slip-grain contacts or 
micro-friction on the area of grain contacts increases. 
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2.3.2 Introduction 
     Hertz (1882), Mindlin (1949), Brandt (1955), Digby (1981), Walton (1987), and 
Noriss and Johnson (1997) initially developed grain-contact model, which is an 
alternative rock-physics method of studying the elastic properties of a porous granular 
medium. Both the normal and tangential stiffness determine the elastic properties of a 
random granular packs. The key parameters in determining the stiffness are mineral 
modulus of the spherical grains and the area of grain contacts (Avseth et al., 2005). 
However, due to the failure of understanding the fundamental physical-law behind the 
random granular packs, only the boundary limits of the elastic property of a 
randomly-packed sphere-medium are investigated under specific assumptions.  
     According to Walton’s model (1987), the rough-sphere case assumes no slippage 
across the area of grain contacts, implying infinite friction on the area of grain contacts. It 
gives an upper boundary of effective modulus of the assembled-granular medium. By 
contrast, the smooth-sphere case assumes frictionless contacts, which allows partial slip 
to take place across the whole area of grain contact. Therefore, a low bound of effective 
modulus can be calculated as well.  
     Bachrach and Avseth (2008) argued that the assumptions of a perfectly smooth and 
infinite rough-surface case in a random pack may be invalid. Then an ad hoc model is 
presented to characterize stress heterogeneities on the grain packs. Dutta et al. (2010) 
followed a similar approach of mixing frictionless and infinite-friction spheres, which 
inverts the coordination number from dynamic measurement. Duffaut et al. (2010) argued 
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that the fundamental contact law should consider partial slip on the surface of grain 
contacts. Based on Mindlin’s partial-slip model (1949) and the assumption of a uniform 
stress-strain field, effective modulus of grain packs is derived. 
     Considering the fact that friction on the grain surface cannot completely hold the 
grain pairs without relative slip in the field case, Mindlin (1949) further extended the 
assumption of no-slip on grain contacts. Hence, partial slip could take place whenever the 
tangential stress exceeds the internal friction on the surface of grain contacts.  
     The previous derivation of the grain-contact stiffness and the effective modulus of 
a random granular packs with friction on the area of grain contacts are based on the 
assumption that all stress-strain fields are homogeneous (Duffaut, 2010). However, Sain 
(2010) has numerically proved that the stress distribution of random granular packs is 
considerably heterogeneous and evolves with pressure as well. As a result, the 
assumption of homogeneous-stress distribution on each grain will not capture the 
heterogeneities of a stress field as tangential stiffness is path-dependent (Bachrach, 2008).  
     Furthermore, elastic property observed from laboratory measurements on random 
granular packs display significant discrepancies comparing with prediction of using 
grain-contact model, especially for shear modulus. Therefore, to verify that the observed 
truth of the stress distribution of each grain is macroscopically heterogeneous and partial 
slip could take place on the area of grain contacts microscopically, a new expression for 
predicting the effective shear modulus is proposed. The partial friction-heterogeneity 
model assumes a non-uniform stress-strain field applied to a random grain packs 
composed of frictional-grain contacts. Meanwhile, experimental data (Domenico, 1977) 
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demonstrates that the partial friction-heterogeneity model is capable of predicting the 
elastic properties of unconsolidated sediments that have different inter-particle friction in 
the microscopic scale and heterogeneous stress in the macroscopic scale.  
 
2.3.3 Grain-contact theory 
Effective bulk and shear modulus of a granular medium with a homogenous 
stress-strain field 
     Digby (1981) solved the grain-interaction issues of an assembly of spherical 
particles that are initially bonded together across the contact area.  
 
 
 
 
Figure 2.3 Schematic view of identical two-sphere grains undergoing deformation when 
pressure is added.  
                                        
     Based on assumptions that there is either no initial bonding or the contact radius 
na  is greater than or equal to the bonding radius, the effective-bulk modulus is given by 
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     where   is the porosity, pC  is the coordination number, and R is the sphere 
radius, Figure 2.3. The normal stiffness contact 
nS  is (Digby, 1981) 
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     where 
nF  and   are the normal force acting on the grain contacts and normal 
displacement resulting from such a force, respectively. G  and   are the shear modulus 
and Poisson’s ratio of a single grain, respectively. na  is the contact radius. The 
corresponding effective shear modulus is given by 
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     where S  is the tangential contact stiffness. 
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     where tF  and   are the tangential force acting on the grain contacts and 
tangential displacement resulting from such a force, respectively. ta  is the radius of the 
contact region held by friction. The tangential stiffness not only depends on the boundary 
conditions, but also depends on the loading path (Noriss and Johnson, 1997).  
 
Heterogeneous stress-strain field of a random granular packs 
     Since the stress-strain distribution on a random granular packs is non-uniform, 
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Figure 2.4. The tangential stiffness is path-dependent. Consequently, the assumption of 
all the grain contacts are the same (Digby, 1981; Walton, 1987; Noriss and Johnson, 1997) 
cannot not fully capture such heterogeneities. Hence, a promising way to accommodate 
heterogeneities of the stress-strain field is proposed.  
 
 
Figure 2.4 The heterogeneity distribution of mean-stress for each grain in a stable 
granular pack. The color bar shows stress magnitudes in MPa (Sain, 2010).   
 
     Based on the same grain contacts, the strain-energy density per unit volume U is 
given by (Digby, 1981; Walton, 1987; Noriss and Johnson; 1997)   
     
0
(1 )1 p
contacts
C
U F d u F d u
V V
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                                  (2.15) 
     where 0V  is the volume of a single grain. n tF d u F d F d 
 
      with respect to 
strain and V  is the volume associated with the effective average medium approach 
(Digby, 1981).  
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     Considering the truth of heterogonous-stress distribution in a random granular 
packs, some of the grain contacts behave like smooth contacts with zero tangential 
stiffness, while some display infinite tangential stiffness (Walton, 1987). More 
importantly, the rest of the grain contacts may slide partially if an external 
force-fluctuation exists. This assumption attempts to account for the heterogeneities of 
stress distribution on a porous-granular medium as observed in laboratory measurement 
and numerical simulations (Geng et al., 2001; Markse et al., 2004).  
     The binary model, simplified from the true grain packs, can be viewed as a 
probable distribution of non-uniform contacts. Therefore, Equation 2.15 is given by 
     
0
( 1 )
( )
s p n
smooth contacts partial contacts no slip contacts
s p
U U U U
F d u F d u F d u
n
f F d u f F d u
V

     

   
  
     

   
    
 
         (2.16) 
     where sf  is the fraction of smooth contacts, and 1p sf f   is the fraction of the 
partial slip contacts. The tangential force, however small, causes some partial slip to 
occur over part of the contact area (Johnson, 1988). Hence, the no-slip contact term is 
eliminated.  
     The macroscopic stress is derived by differentiating Equation 2.16 with respect to 
the strain (Noriss and Johnson, 1997): 
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     Because of the linearity of Equation 2.17, the macroscopic stress-strain relations 
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for heterogeneous stress-distribution of grain contacts is given by  
     ( ( , 0) ( , 0))ij s ijkl n t p ijkl n t klf C S S f C S S e
                              (2.18) 
     Combined with normal stiffness, Equation 2.12, and shear stiffness, Equation 2.14, 
the effective modulus in terms of the volume fraction of partial slip contacts 
pf  is given 
by 
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2.3.4 Partial slip on the surface of grain contacts with non-zero friction 
     Bachrach and Avseth (2008) argued that the assumption of perfectly smooth and 
infinitely-rough spheres in a random-granular pack may be invalid. Therefore, friction 
heterogeneities on the area of grain contacts should be considered. Figure 2.5 shows that 
grain surface is frictional due to chemical interaction, mechanical interaction, etc. during 
geological diagenesis.  
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Figure 2.5 SE image of single grain surface showing micro-roughness (Chester, 2004).    
 
     Partial friction-grain contact model assumes that partial slip initiates at the outer 
radius a  of a circular contact zone under constant normal force nF  and steadily 
increasing tangential force tF  (Mindlin, 1949). According to the Hertz-Mindlin model, 
the partial sliding could take place in the circular contact zone ( c r a  ), and  
     
1
3( 1 )t
n
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a F
                                                    (2.20) 
     which shows that the inner no-slip zone ( r c ) is a function of contact forces, nF , 
tF , and the static friction coefficient  . 
     Tangential stiffness depends on the boundary conditions and loading path for a 
random-granular packs (Noriss, Johnson, 1997). It implies that the partial sliding of 
grains is not simply irreversible along the loading trajectory when oscillating stress 
passes through, Figure 2.6, because the peak of oscillating stress can be considered to be 
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force loading and its trough can be considered to be force unloading.  
 
  Figure 2.6 Schematic relation between tangential stress and loading path history.  
 
     The shear stress-distribution across the contact surface is given by (Mindlin, 1949) 
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    where c  is the radius of the inner no-slip zone with tangential force loading, 'c  is 
the radius of the inner no-slip zone with tangential force unloading.  
     Furthermore, Mindlin (1949) assumed that the surface displacement of grain t  
within the no-slip zone is uniform. Thus, the tangential force-displacement relation is 
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given by 
     
3
2
16
[1 (1 ) ]
3(2 )
t
t n
n
Ga
F F
F


 
  

                                    (2.22) 
     Subsequently, it is easy obtain tangential stiffness by differentiating Equation 2.22 
with respect to the displacement (
t tF   ): 
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     Which is also the equation that Mindlin (1949) deduced. The tangential stiffness 
can now vary nonlinearly with the applied tangential force according to Equation 2.23. A 
new expression of the effective shear modulus of a random dense packs with frictional 
contacts is given by 
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     Here, 
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  , 'tS  is tangential stiffness without the friction term, 
which is equal to Equation 2.14.  
     Then bulk modulus and shear modulus are given by 
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     The effective-bulk modulus could also be given by (Dufffaut et al., 2010) 
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     The Hertz model (Hertz, 1884) derived radius a  as 
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     Inserting Equations 2.25a and 2.27 into Equation 2.25b, the effective shear 
modulus of a random-granular packs is  
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     Then it is easy to get dry velocities of a random grain pack by combining 
Equations 2.26 and 2.28 with the known bulk density: 
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2.3.5 Numerical examples 
     In this section, the elastic property of a random granular packs is numerically 
simulated with increased fraction of partial slip grain contacts, increased friction on the 
surface of grain contacts. To facilitate a reasonable comparison between our partial 
friction-heterogeneity model and the experimental glass-bead data of Domenico (1977), 
the porosity is assumed as 38.3% and the coordination number is 8.4, Table 2.1 shows the 
physical parameters of the silica glass. 
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Table 2.1: Physical parameters of silica glass 
     
Parameters 
Physical properties 
g (g/cm
3
) 2.42  
 d (GPa) 29  
      0.2  
                   
 
 
 
Figure 2.7 Shear modulus is a function of the partial slip parameter, friction term, and 
confining pressure. 
 
     Figure 2.7 displays the shear modulus, which is controlled by the fraction of partial 
slip taking place on the area of grain contacts, internal friction, and confining pressure. It 
is evident that the shear modulus increases as any above mentioned parameters increases. 
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e factors increase. It implies that micro-friction on the area of grain contacts is 
non-ignorable. In addition, tangential stress will cause partial sliding on the area of grain 
contacts, which leads to the heterogeneous-stress field. 
 
 
Figure 2.8 Velocities against confining pressure when the fraction of partial slip is 1.  
 
     For a special case of the occurrence of complete partial slippage, Figure 2.8 shows 
the velocities increase as confining pressure increases. In addition, the internal friction on 
the area of grain contacts simultaneously increases. The experimental data is located 
between a perfectly smooth boundary and an infinite friction boundary. The blue dots and 
green dots are Domenico’s (1977) measurement data.   
 
2.3.6 Discussion 
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Frictionless homogeneity case 
     If set ( ) 0pf f   , it means that all grain contacts are frictionless, namely, 
0s  , and the stress distribution is homogenous in the macroscopic scale, Equation 2.28 
reduces to  
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     Equations 2.30, 2.31, and 2.32 correspond to the equations of Marko (2009). Also, 
Equation 2.31 is analogous to Equation 4.21 of Walton (1987), which applies to the 
perfectly smooth case. So it is evident that the proposed partial friction-heterogeneity 
model is a generalized grain-contact model, which is consistent with all these special 
model cases. 
 
Infinite roughness-heterogeneity case 
     Figure 2.9 is the effective shear modulus prediction of the partial 
friction-heterogeneity model when the fraction of partial slip grains is 1. As a 
consequence, Equation 2.28 reduces to Equation 29 of Duffaut’s (2010). The black dot 
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and red dot indicate the infinite roughness case and the frictionless case of Walton’s 
model (1987), respectively.  
 
Figure 2.9 Effective shear modulus of partial friction-heterogeneity model when 1pf  . 
 
2.3.7 Conclusions 
     An explicit expression is proposed to combine the heterogeneous stress-distribution 
of each single grain in the macroscopic scale and the partial slip occurring on the area of 
grain contacts in the microscopic scale. By replacing the linear interpolation between 
frictionless smooth and infinite roughness-grain contacts, the partial 
friction-heterogeneity model involves Mindlin’s nonlinear friction term, ( )f  , to 
characterize the internal friction. The numerical simulations indicate that micro-friction 
on the area of grain contacts is non-ignorable, which results in the tangential loading path 
being irreversible. 
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     The partial friction-heterogeneity model also indicates that an existing non-uniform 
stress-strain field, which is close to the truth, could cause partial grain sliding on the 
surface of grain contacts due to its force disequilibrium. Macroscopically, the effective 
shear modulus will be affected with the fraction variation of partial slip grain contacts.  
     The partial friction-heterogeneity model is a generalized grain-contact model, 
which is consistent with all special model cases. When ( ) 0pf f   , it reduces to the 
frictionless-homogenous case. When the fraction of partial grains (
pf ) is 1, it reduces to 
the case of homogeneous stress distribution in the macroscopic scale and nonlinear 
micro-friction on the area of grain contacts in the microscopic scale. When the friction 
term ( ( )f  ) is 1, it reduces to the case of heterogeneous stress distribution in the 
macroscopic scale and infinite roughness on the area of grain contacts in the microscopic 
scale. 
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Chapter 3  
Rock-physics modeling of depositional 
texture, diagenetic alternations in 
cemented sandstones 
 
3.1 Abstract  
     An extended cement-contact model is formulated to characterize the effects of 
cementation thickness and cementation kind on the elasticity of sandstones, considering 
the geological digenesis from the weak phase (high-porosity) to the strong phase 
(low-porosity). The proposed rock-physics model indicates that cement thickness and 
cementation kind have an assignable influence on the elastic property of sandstone, with 
a thoughtful micro-mechanism interpretation.  
 
3.2 Introduction  
     Sandstones are generally divided into two kinds. One is high-porosity 
unconsolidated sands, which constitutes initial stage of the depositional process and is 
likely to be found on the marine seabed. Since cementation does not exist, the 
grain-contact models (Mindlin, 1949; Brandt, 1955; Digby, 1981; Walton, 1987; Dvorkin, 
1996; Bahrami, 2005; Xia, 2011; Deng, 2011; Liu, 2011) are utilized to investigate elastic 
property of unconsolidated sands. Another is cemented sandstones. The cementation from 
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chemical reactions and mineral dissolution significantly strength the unconsolidated 
sands. Dvorkin et al., (1994, 1995, 1996) and Avseth (2000) started to develop the 
cement-contact theory (CCT) to characterize the elastic properties of weakly 
cemented-sandstone, which generally has porosity between 25% and 36%, Figure 3.1.  
     With further cementation diagenesis, the differential-medium theory (DMT) gives 
excellent prediction of the elastic modulus whenever the porosity is negligible. However, 
when the porosity is not negligible, it is more difficult to use the DMT, because DMT is 
an inherent two-component approach. Allowing for two-solid constituents and also 
including porosity requires a three-component method. Either the Kuster-Toksoz model 
(KTM) or the self-consistent (SC) approximation is easily generalized to multiple 
components (Berryman, 1994).  
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Figure 3.1 (a) P-wave velocity-porosity of sandstones; (b) A schematic of geological 
diagenesis of sandstones (after Nur et al., 1998).  
 
     Various well-known expressions (e.g., Voigt, Reuss, and the Wyllie’s equation) do 
not consider the geological diagenesis of sandstones. Most models for poorly 
consolidated sandstone are based on CCT, which considers the physical interaction 
between the grains and cementation. Although the existing CCT models, to some degree, 
can delineate the elasticity of poorly consolidated sandstone, they have great deficiency 
in the modulus prediction. Therefore, with the consideration of the geological diagenesis 
of sandstone and the deposition environment, The CCT model will be modified to make 
more adequate and reliable.  
     This chapter is organized as follows: first, the extended cement-contact models are 
briefly reviewed. Second, the extended cement-contact model is derived. Third, extended 
CCT is used to analyze the effect of the cementation thickness on the elastic properties of 
loose sandstone with weak cementation. Finally, the discussion and conclusions are 
summarized.  
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3.3 Sandstone diagenesis  
     The instantly deposited sediments eventually evolve into consolidated clastic rocks 
with subject to physical, chemical, and biological factors. The combined effects of burial, 
bioturbation, compaction, and chemical cementation between grains, fluids, and organic 
matter ultimately determine the elasticity of clastic rocks. The sediments diagenesis 
encompasses all natural changes occurring from the moment of deposition continuing 
through compaction and lithification (de Segonzac, 1968). These post-depositional 
alterations take place at the relatively low pressure and temperatures conditions. As the 
depth increases, the increased pressures and temperatures promote further consolidation 
and cementation and ultimately form lithified rocks (Krumbei, 1942). 
     Both sedimentary and environmental factors are important to diagenesis of 
sandstone. Sedimentary factors include particle size, fluid content, and mineral 
composition. Environmental factors include temperature, pressure, and chemical 
conditions. At 70 
o
C, the mechanical compaction gradually transforms into predominantly 
chemical compaction in siliciclastic systems. For quartz-rich sands, initial cementation 
tends to start at the same depth. According to cement classification, Figure 3.2 shows that 
the sediments can follow two different path to form lithified rocks. For the path I, there is 
a distinct gap between the mechanical and chemical-deposition stage. In this path, the 
clay cementation may involve allogenic sources, which initially only undergo mechanical 
compaction at shallow depth. As the burial depth increases, the temperature and pressure 
increase until chemical compaction is triggered. Then chemical recrystallization, 
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cementation, and dissolution could occur to change the grain size and rock matrix. For 
the path II, due to the authigenic clays, unconsolidated sediments can simultaneously 
encounter both mechanical and chemical compaction. 
 
Figure 3.2 A schematic of sand-clay compaction.  
 
3.3.1 Porosity evolution of sandstones 
     Diagenesis comprises all processes that convert raw sediments into sedimentary 
rocks (Worden and Burley, 2003). It is a continually active process, by which 
sedimentary mineral assemblages react to regain equilibrium in an environment, whose 
pressure, temperature, and chemical conditions are changing. These reactions can 
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enhance and modify porosity of sandstone, Figure 3.3.  
 
 
Figure 3.3 The factors that influence porosity during raw sedimentary diagenesis.  
 
     Sedimentary conditions initially control porosity at the time of deposition, but 
diagenesis subsequently alters it. Sedimentary supply controls sand deposition, and the 
energy of the transport medium affects the supply of coarser grains, in particular.      
Prior to the onset of diagenesis, sediment composition and the deposition conditions 
control porosity. Even before it is laid down, a sedimentary particle may undergo changes 
between its source and final deposition (Choquette and Pray, 1970).  
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3.3.2 Critical porosity of sandstone 
     Critical porosity is a key physical parameter that differentiates the mechanical and 
acoustic behavior of sandstone into two domains. As a readily observable macro-scale 
parameter, it is determined by the way of solid matrix and pore space are formed and is a 
more natural descriptor of the pore space. For porosity greater than critical porosity, the 
fluid phase is assumed to support the load, and the mineral grains behave mechanically in 
suspension, while for porosity lower than critical porosity, the mineral grains are load 
bearing. In the suspension region, the Reuss average describes the P-wave velocities quite 
well. However, the situation appears to be more complicated in the load-bearing region. 
Therefore, the effective-medium models and grain-contact models are proposed to 
characterize the elastic properties of sandstone. Sandstone generally has the critical 
porosity of 0.36 0.40 . 
 
3.3.3 Clay types and their distribution 
     Clays are also important to the diagenetic process. They are responsible for easily 
compressible grains, cements, and pore-fillings. Clay distribution in pores could involve 
bond clay, matrix clay, clay fragments, pore-filling clay, float trace clay, and laminated 
clay. These clays are classified as allogenic and authigenic clays.  
     Allogenic clays originate as dispersed matrix, sand-to-cobble-sized mud, or shale 
clasts (Wilson et al., 1977). Individual clay particles may be dispersed throughout the 
sandstone or may accumulate to form thin laminate. Allogenic clays can also be 
introduced into sands as biogenic mud pellets, that is produced through ingestion and 
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excretion. The biogenic activity tends to homogenize the mud and sand, Figure 3.4. 
Authigenic clays develop within the subsequent burial-sand, chemical property of pore 
water and rock composition strongly influence the growth of authigenic clays. 
 
Figure 3.4 Allogenic clay sources. Sandstones may be infiltrated by a variety of detrital 
clays. (from Ali et al., 2010). 
 
     More importantly, it can be observed that clays exist in pore space in two forms. 
First, clay coatings can be deposited on the surfaces of grains except at points of 
grain-to-grain contacts. In the interstices between grains, the coatings act as pore-lining 
clay. These clays may be enveloped during subsequent cementation by feldspar and 
quartz overgrowths, Figure 3.5 (a), (Wilson et al., 1977). Second, clays only exist as 
pore-filling materials, which do not strength the rock frame, Figure 3.5 (b). 
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Figure 3.5 (a) Cemented clay in interstices between grains; (b) Pore-filling kaolinite in 
the pore space (Adapted from Ali et al., 2010). 
 
3.4 Revision of rock-physics modeling on sandstones  
     Weakly consolidated sandstone bridges the regime between suspension and 
consolidated sandstone. Critical porosity is a key physical parameter that differentiates 
most clastic rocks’ mechanical and acoustic behavior into two domains, Figure 3.6.   
     Based on our limited data and knowledge, we can observe a wide span of 
influences, such as rock texture, clay content, clay cementation, compactions, and 
anisotropic stresses, on the elasticity of sandstones. Researchers have separately studied 
the elasticity of sandstones based on their diagenesis stages. As we discussed in chapter 2, 
grain-contact models (Brandt, 1955; Walton, 1987; Digby, 1981; Noriss and Johson, 1997; 
Makse et al., 1999; Jenskin, 2005) are proposed to characterize elastic behavior of two 
elastic-spheres in contacts. As the diagenesis of sediments evolves, cementation effect is 
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more indispensable. Dvorkin (1994) introduced the CCT model to predict the elastic 
modulus of cemented sandstone. CCT model can only be utilized for a small amount of 
cementation. Therefore, the self-consistent (SC) and differential-effective medium (DEM) 
models are considered to delineate the elastic behavior of sandstone as the pore-filling 
materials keep merging into the pores.  
 
Figure 3.6 Sketch of elasticity of sandstones against porosity in different diagenesis 
stage.  
 
3.4.1 Cement-contact model 
     The cementation theory (Dvorkin, 1994) predicted that even a small amount of 
cementation would reinforce the grain contacts, causing a large increment in the elastic 
modulus of cemented sandstone. The initial volume of cementation added in the pores 
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between grains is the most important. The effect of additional cementation placed around 
this initial cementation is relatively small. Several experiments have supported CCT 
prediction (Yin, 1993; Tutuncu et al., 1997). Even by adding cementation in the entire 
intergranular pore-space, it is not possible to achieve the high stiffness as small volumes 
of cementation at the grain contacts do (Dvorkin et al., 1994; Dvorkin et al., 1999; Yin, 
1993; Tutuncu et al., 1997).  
 
3.4.1.1 Stiffness of cement-contact model  
   Through the mechanic relationship between the grains and the cementation, the 
following expressions for normal stiffness Sn and tangential stiffness Sτ are derived 
(Dvorkin, 1994): 
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; R is the radius of the grain; Gc is the 
shear modulus of the cementation; vc is the Poisson’s ratio of the cementation; kn and kτ 
are proportional to the normal force and tangential force, respectively; Hn(t) and Hτ(t) are 
the normal and tangential deformation of the cementation, respectively; Δn and Δτ are the 
overall normal and tangential deformation, respectively; ε is the ratio of the cementation 
thickness to the radius of grain; α is the ratio of the cementation radius to the radius of the 
grain.  
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 3.4.1.2 Effective modulus calculation  
     The bulk and shear modulus of cemented sandstone can be obtained from normal 
and tangential stiffness (Digby, 1981; Winkler, 1983; Mavko, 1998; Chen, 2001):  
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     where n is the coordination; R is the radius of the grain;   is the porosity of the 
cemented sandstone; Keff and Geff are the bulk and shear modulus of the cemented 
sandstone.  
 
(a)                         (b) 
Figure 3.7 Cemented grain contacts of conventional CCT. (a) Arrangement type I; (b) 
Arrangement type II. 
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     Under the assumption that the cementation thickness is zero, Figure 3.7, two 
cementation types are given by 
      Arrangement type I: 0.250
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3.4.2 Stress distribution at the contacts 
  To understand stress transition among deformable particles through inter-particle 
bonds. Two-cemented grains are considered with cementation deposited around 
grain-to-grain contacts. Table 3.1 is the related physical parameters. 
 
Table 3.1:  The parameters for normal stress distribution in cementation with 
cemented materials. 
Parameters  Values 
Poisson’s ratio(
g c  ) 0.28 
Cement thickness 0 
Normalized radius 0.4 
Density (
g c  , g/cc) 2.3 
Shear modulus ratio 
(
cG G ) 
0.2; 0.4; 0.6; 
0.8; 1.0; 1.2 
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Figure 3.8 Normal stress distribution along the radius of cement layer. Stress (vertical 
axis) is normalized by the average stress. The horizontal axis is the normalized distance 
along the radius of the cement layer ( 0 r a  ). 
 
     Figure 3.8 shows that the stress is maximum at the center of the contact region 
when the cemented material is soft relative to the grain ( 0.2cG G  ), while the 
maximum stress gradually transits to the periphery when the cement material is stiffer 
( 1.2cG G  ). In addition, the stress distribution provides us with important insight into 
the possible modes of inter-granular cementation failure: relatively stiff cementation 
yields at the periphery of a cement layer.  
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3.5 Extended cement-contact model 
     Considering the geological diagenesis of sediments evolving into sandstones, 
cement-contact model is extended to characterize the effect of cementation thickness on 
elastic properties of sandstones, Figure3.9. CCT model is only applicable for the direct 
grain-contacts with a few pore cements around them. To solve this issue, the effects of 
cementation thickness are mathematically considered.  
 
(a)                      (b) 
Figure 3.9 Cemented grain contacts of extended CCT. (a) Arrangement type I with 
cementation thickness ( )h r ; (b) Arrangement type II with coating cementation thickness 
( a ). 
 
     The detailed mathematical deduction is shown in Appendix A. For arrangement 
type I, the normalized radius is given by  
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     If assume 0  , then Equation 3.4 is simplified as 
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     which is arrangement type I, as Dvorkin (1994) proposed.  
     For arrangement type II, the extended case is same as Equation 3.3b.  
 
3.6 Numerical simulation 
     To evaluate the effect of the cementation thickness on the effective modulus of 
grain packs-cemented by different materials, the physical parameters of Table 3.1 is 
applied in numerical modeling. In addition, the range of the porosity is from 10% to 35%; 
the normalized cementation thickness varies from 0 to 0.05. 
Table 3.2:  The parameters for the host materials and variation in stiffness of cement 
materials (The parameters from Nur et al., 2009). 
Parameters  Stiff 
cement 
Soft 
cement 
cK (GPa) 38 1.5 
cG  (GPa) 44 1.4 
gK (GPa) 38 38 
gG (GPa) 44 44 
Initial porosity 
Coordination number 
0.36 
8.5 
0.36 
8.5 
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Figure 3.10 Effective modulus of cemented grain packs. (a) Bulk modulus of 
quartz-cemented grain packs with cementation type I; (b) Shear modulus of 
quartz-cemented grain packs with cementation type I.  
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Figure 3.11 (a) Bulk modulus of clay-cemented grain packs with cementation type I; (b) 
Shear modulus of clay-cemented grain packs with cementation type I. 
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     In the cement-contact model with non-zero thickness cementation between the 
grain contacts, both the bulk modulus and the shear modulus decrease as the normalized 
cementation thickness increases, Figure 3.10 and Figure 3.11. It is because that the 
normal and tangential stiffness decrease as the normalized cementation thickness 
increases. Both Figure 3.10 and Figure 3.11 indicate that the normalized cementation 
thickness has a significant impact on the elastic modulus when porosity is relatively high. 
It means that even a little cementation placed at the corner of grain contacts can 
dramatically increase the elastic modulus of grain packs (Dvorkin et al., 1994). With 
increased porosity, the effective modulus gradually increases. However, the increment is 
smooth. The numerical results show that the maximum modulus is observed when the 
normalized thickness is zero and the porosity is lowest.  
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Figure 3.12 VpVs ratio against normalized cementation thickness for cement type I. (a) 
Quartz-cemented grain packs; (b) Clay-cemented grain packs. 
 
     Figure 3.12 (a) shows the VpVs ratio for the quartz-cemented grain packs gradually 
increases with the increment of normalized cementation thickness. Additionally, VpVs 
ratio is relatively high when the porosity is 35%. It means that the P-wave velocity 
increases dramatically with a little cementation. Figure 3.12 (b) shows that VpVs of 
clay-cemented grain packs increases significantly with a little cementation for the entire 
porosity-range, especially when the porosity is relatively high. It means that the 
soft-cement has an indispensable effect on both P- and S-wave velocities with a little 
cementation around the grain contacts.   
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3.7 Conclusions 
    The generalized cementation-radius expressions are derived to investigate the effect 
of cementation thickness on the elastic modulus of cemented sandstone. With the 
generalized cementation radius expressions, CCT cannot only be applicable to the 
pore-cemented loose sandstone but also to the loose sandstone with basal cementation.    
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Chapter 4  
Partial water-saturation effect on velocity 
dispersion and attenuation of poorly 
consolidated sandstone at low 
frequencies 
 
4.1 Abstract  
    The intrinsic velocity dispersion and attenuation, resulting from the relative 
movement between the pore fluids and the rock skeleton when seismic waves pass 
through, have been theoretically investigated. Considering the significant potential of 
velocity dispersion and attenuation in the reservoir characterization, the low-frequency 
measurements (2-800 Hz) are conducted for water-saturated sandstones. The measured 
results indicate that the degree of water-saturation and measured frequency have a 
significant impact on the elastic properties of sandstones. The water-saturated sandstone 
may demonstrate different relaxation mechanisms. If the macroscopic pore fluids have 
time to equilibrate at low frequencies, the Gassmann’s equation is capable of modeling 
the response between the pore fluids and rock frame when the seismic waves pass 
through. However, it is possible to observe a substantial modulus increment as the 
measured frequencies. Moreover, as we observed, the different attenuation mechanisms 
may overlap. With the crossing of the relaxation times (frequencies) of different flow 
mechanisms, the attenuation approaches the peak and the elastic modulus (velocity) 
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increases most sharply. 
 
4.2 Introduction 
     Seismic velocity dispersion and attenuation have been studied theoretically and 
experimentally for decades. Seismic wave passing through fluid-saturated porous rocks 
is subject to intrinsic dispersion and attenuation. The mechanical energy dissipates 
into heat (Aki and Richards, 1980). The intrinsic attenuation results from the relative 
movement between the pore fluids and the rock skeleton. It is broadly known as 
wave-induced fluid flow (WIFF) mechanism (Müller et al., 2010). 
     Attenuation is frequency-dependent. Gassmann’s equation (1951) can be assumed 
as an extra low-frequency (relaxed status) case of WIFF theory. In addition, Biot (1956a, 
1956b, 1962) studied the WIFF due to wavelength-scale pore-pressure equilibration 
and the resulting viscous-inertial attenuation. WIFF associated with wavelength-scale 
pressure gradients is often called global or macroscopic flow, whereas the “squirt” and 
“mesoscopic” flow are often termed local flow. The squirt flow typically emphasizes 
grain-scale heterogeneities such as loose grain contacts and micro-cracks that 
frequently take place in the reservoir rocks. In past decades, significant velocity 
dispersion and attenuation, mainly resulting from microscopic squirt flow, were 
experimentally observed at ultrasonic frequencies (Winkler, 1983, 1985; Murphy et al., 
1984, 1986; Han, 1986; Jones, 1986; Batzle et al., 2006; Yao, 2014). 
     Many theories have been developed to make sense of the various dispersion and 
attenuation mechanisms, and many models have been proposed to estimate dispersion 
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and attenuation from other rock properties. However, none of the theories and models 
have received strong support from real measured data. The biggest issue is that velocity 
in seismic frequency cannot be measured directly in the laboratory. The early laboratory 
evidence of velocity dispersion is inferred indirectly from discrepancies between 
measured ultrasonic velocities and low-frequency Gassmann prediction (Gregory, 1976; 
Domenico, 1976; Gist, 1994). Attenuation is also obtained from ultrasonic data using the 
spectral ratio method (Toksȍz et al., 1978) and Weiner filtering method (Tang et al., 
1987). Although these early attempts gave robust evidence for the existence of dispersion 
and attenuation in sedimentary rocks at ultrasonic frequencies, it is not appropriate to 
transfer or apply that knowledge directly to well log or seismic data due to the large 
frequency differences among those datasets.  
     Efforts must be made to directly measure the velocity dispersion and wave 
attenuation in seismic frequency band. Winkler and Nur (1982) used the resonance-bar 
technique to measure the P-wave attenuation in sandstone at frequencies ranging from 0.5 
to 9 kHz. The results suggested that attenuation mainly resulted from the partial 
saturation. Murphy (1982, 1984) and Yin et al. (1992) continued with the resonance-bar 
measurements and slightly expanded the frequency range to 0.3-14 kHz, making their 
results more meaningful for the well-log data interpretation. However, given constraints 
due to the size and geometry of the sample, it is impossible to extend the measurement 
into the seismic frequency range when employing the resonance-bar method. 
     The force-deformation method is an alternative technique for measuring the 
frequency-dependent velocity and attenuation in the seismic frequency range. This 
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method was originally designed and widely used in material science and mechanical 
engineering studies for measuring the static elastic constants of solid materials (Czichos 
et al., 2006). It was then developed into stress-strain hysteresis techniques to dynamically 
measure the frequency-dependent elastic constants, as well as the attenuation in granite 
and other anelastic solids (McKavanagh and Stacey, 1974; Peselnick et al., 1979). 
Spencer (1981) first succeeded in managing the measurements with a strain amplitude of 
around 10
-6
 and a frequency below 100 Hz in dry and water-saturated rocks. His results 
showed a strong dispersive modulus and the frequent dependency of Q
-1
 in 
water-saturated samples but not in dry samples. Liu et al. (1983) discussed the difficulties 
and challenges of carrying out such experiments under a small amplitude meaningful to 
in-situ seismic applications. Batzle and his group in the Colorado School of Mines 
(Gautam. 2003; Batzle et al., 2006; Adam et al., 2009; Das, 2009) further developed the 
techniques. 
     In this chapter, we will use the force-deformation principle to quantitatively 
measure the effect of partial gas-saturation on weakly consolidated sandstone at seismic 
frequencies. This chapter is organized as follows: first, it briefly reviews the dispersion 
and attenuation mechanisms. Second, it summarizes and analyzes the measurement 
principle and challenges of low-frequency apparatus. Third, the low-frequency 
measurement are conducted on the sandstone in partial water-saturation conditions.  
 
4.3 Theory 
 4.3.1 Velocity dispersion and attenuation mechanism 
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     Figure 4.1 shows that other mechanisms also cause velocity dispersion and 
attenuation, that may couple with the WIFF. If we do not consider the geometric 
spreading effects, wave-energy loss will result from intrinsic attenuation and elastic 
scattering. This chapter will focus on the effect of WIFF, as it is believed that the 
understanding of fluid-related dispersion mechanisms is inevitable.  
Wave-induced fluids flow
Rock frame Mineral Viscosity
  …
Geometric spreading
Primary Transmission Loss
Multiple Scattering
Mode Conversion
3D Random
Rayleigh Scattering
Mie Scattering
Seismic P-wave
Energy Loss
Attenuation
Elastic Scattering
Layer Effect
Intrinsic Attenuation
 
Figure 4.1 Seismic wave-energy loss mechanism (after Liner, 2012).  
 
     Multi-scale heterogeneities always coexist in a discrete manner or in a continuous 
manner since randomness and statistical fluctuation are the most prominent features of 
subsurface rocks in nature (O’Connell and Budiansky, 1974; Han, 2009; Yao, 2014). 
Consequently, the velocity dispersion behaves in a continuous manner, and many flow 
mechanisms can simultaneously take place over different frequency ranges, depending on 
the scale and hydro-physical properties of the geological features. Figure 4.2 
schematically illustrates the possible relative positions of these different mechanisms and 
the associated geological features. Note that, when the open boundary condition occurs 
for the porous fluid-saturated system, the velocity can be even lower than that of the 
63 
 
 
 
 
 
Gassmann prediction.  
 
 
Figure 4.2 A schematic illustration of velocity dispersion associated with different 
mechanisms. The potential geological features that cause the flow are also listed in the 
corresponding positions (after Zhao, 2014).  
 
4.3.2 Physical understanding of dispersion and attenuation mechanism 
     The percentage of water-saturation shall always be considered during the 
interpretation of the dispersion and attenuation mechanisms. Numerous mechanisms have 
been proposed to explain attenuation when the rock contains a low percentage of water 
(Bourbie, 1987). They are summarized as follows: 
 The dissipation of energy by friction between grains, with the relative thickness of 
the layers of molecules absorbed influencing the “lubricating” effect.  
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 Breakage of chemical bands. Tittmann et al (1980) and Spencer (1981) suggested 
that the breakage of hydrogen bonds between the surface hydroxyls and the water 
molecules dissipates part of the energy. A strict interpretation of this hypothesis 
would lead to a close relationship between the specific surface hydroxyls and 
water molecules. However, it does not seem to have been verified experimentally 
so far. 
 Capillary forces. In the case of very low-saturation with wetting fluid, the 
capillary forces may be very high and their disruption when the wave passes may 
cause the dissipation of energy. The capillary forces are dependent on the 
geometry of the pores than they are on the specific surface itself.  
     The precise mechanisms still need to be described. This necessitates expertise in 
the physico-chemistry of surfaces, because it is clear that the molecules-adsorbed on the 
solid surface of the rocks, particularly in the grain contacts and micro-cracks, play a 
predominant role.  
 
4.3.3 Measured frequency and scale 
     Seismic velocity usually implies that the wave velocities are for frequencies 
between several Hertz and a few hundred Hertz, while ultrasonic or sonic velocity often 
refers to wave velocities spanning the frequency band of 10
5
 to 10
6
 Hz, Figure 4.3. Where 
clastic rocks are concerned, the geological processes and statistical fluctuation in 
geological history can cause sedimentary rocks to exhibit heterogeneities to various 
extents and at various scales (ranging from the micrometer grain and pore scale to the 
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many-kilometer basin scale), while the frequency of measured waves ranges from 1 
Hz to 10
7 
Hz. Correspondingly, scales and frequencies of geophysical measurements 
range from high frequency, millimeter wavelength in ultrasonic measurements to tens 
of meters of low frequencies. Undoubtedly, the integration of geophysical 
measurements at different frequencies aids in fully understanding the complexity of 
clastic rocks.  
 
Figure 4.3 A scheme of scales and frequencies for variously geophysical measurement 
approaches.  
 
Frequency-dependent waves propagating in fluid-saturated porous sandstone could 
cause scale-dependent intrinsic dispersion and attenuation, where the mechanical 
energy dissipates into heat (Aki and Richards, 1980). Figure 4.4 schematically shows 
the frequency-dependent intrinsic attenuation of compressional waves. For a single 
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relaxation mechanism, the P-wave velocity increases with the increased frequency, while 
the attenuation approaches the peak at the relaxation frequency, where the velocity 
increases rapidly. Fluid mobility, characterized by permeability, affects the pore-pressure 
equilibration time. Moreover, fluid viscosity is another key factor that influences the fluid 
motion. The two theoretical concepts most commonly used to tie velocity to viscosity are 
inertial coupling (Biot, 1965) and compliant pore coupling (O’Connell and Budiansky, 
1977; Jones, 1986; Dvorkin and Nur, 1993; Berryman and Wang, 2000). Therefore, 
“relaxation” evidently does not guarantee occurrence at low-frequency. It is essentially 
related to the rock properties and fluid properties. Sandstone of high-porosity and 
high-permeability with high-mobility fluid states “relax” even at ultrasonic frequencies, 
while shale of low-porosity and low-permeability with low-mobility fluid states 
“un-relax” at seismic frequencies.  
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Figure 4.4 A schematic of the entire frequency-dependence of P-wave velocity and 
corresponding attenuation for partial fluid-saturation under both low and high 
fluid-mobility circumstances (after Batzle et al., 2006). 
 
4.4 Principle of low-frequency measurement  
     The force-deformation method has long been applied in material science and 
structural engineering to measure the elastic strength of a wide range of materials. But 
those are in a static force with a relatively large deformation. Measurement using a 
dynamic force with a small deformation imposes new non-trial challenges. Early works 
(Spencer, 1981; Liu and Peselnick, 1983) presented some very attractive results and 
showed great potential of this method. 
 
Figure 4.5 A schematic of low-frequency measurement apparatus. 
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     Figure 4.5 is a schematic of low-frequency apparatus. The measured sample is 
placed in a pressure vessel, so that both the confining pressure and pore pressure can be 
focused on the sample. It is essential to manipulate it since quantitatively evaluating the 
effect of partial water-saturation on the velocity dispersion and attenuation of sandstone 
is our primary goal. A compressed nitrogen cylinder with a pressure regulator supplies 
the confining pressure. Currently, the maximum pressure reaches 2,000 psi in the 
measurements. A digital pump supplies and controls the pore pressure with various fluids 
as desired for experiment-specific purposes. 
     In predefined confining pressure, pore pressure, and saturation conditions, the 
function generator sends out a continuous harmonic voltage wave, with its frequency and 
amplitude specified by the user. This voltage signal is supplied to a linear power 
amplifier to obtain a harmonic current wave with the desired current level. The current 
drives a vibration to generate a harmonic mechanical vibration. The vibration deforms the 
sample and standard. The strain gauges attached to the surface of sample and standard 
detect both axial and radial strains dynamically. The Wheatstone bridges output voltage 
waveforms to a special weak-signal amplifier. The amplified waveforms are fed into a 
24-bit, multi-channel AD converter. In addition, the original harmonic voltage wave from 
the function generator is fed into the AD converter. This waveform will be used as a 
reference signal in lock-in the amplifier.  
 
4.4.1 Directly measured Young’s modulus and Poisson’s ratio 
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The principle of low-frequency measurement is based on Hooke’s law. The two 
independent elastic constants (Young’s modulus E and Poisson’s ratio ν) are measured 
instead of velocities being measured directly under the assumption of isotropic media. 
Figure 4.6 is the schematic setup of sample stacking with standard. A sinusoid stress field 
is applied vertically to the core sample. Two sets of strain gauges are attached to the 
surface of the sample vertically and horizontally, which will measure the vertical strain 
 and horizontal strain / / . Young’s modulus and Poisson’s ratio are obtained as 
follows: 
     E


                                                         (5.1) 
     where σ is the vertical stress.                  
     / /



                                             (5.2) 
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Figure 4.6 A schematic setup of sample stacking with standard. 
 
In reality, a relative measurement strategy is applied instead of the direct 
measurement of force by stacking the elastic standard, which has a known Young’s 
modulus, with the measured sample, Figure 4.6. The relative strain-amplitude 
measurement approach ensures that every measurement occurs under the same physical 
mechanism, with same electronic device and instrument and the same acquisition and 
processing procedures. This significantly reduces both the system and random errors. 
Since the standard and rock samples are subjected to the same stress field. Hence, 
Young’s modulus is derived from the strain ratio of the standard to sample.  
     
s a m p l e
s t d
s t ds a m p l eEE



                               (5.3) 
     It can be easily converted into bulk modulus K, and shear modulus G as follows: 
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E
K


                                          (5.4a)
 
     
2 ( 1 )
E
G


                                        (5.4b)
 
With a separated measured bulk density ρ, the P-wave velocity Vp and S-wave 
velocities Vs can be computed as: 

Vp 
K 
4
3
G
                                       (5.5a)
 

Vs 
G
                                            (5.5b)
 
 
4.4.2 Attenuation: phase difference 
Tokoz and Johnston (1981) gave a comprehensive summary on the attenuation 
and quality factor. Complex modulus M  is mathematically introduced to describe 
stored and dissipated energy. It can be expressed as the real part RM  and the imaginary 
part IM :  
     R IM M iM                                                     (5.6) 
     The inverse-quality factor Q  is defined as the ratio of the imaginary IM  and 
real RM of the complex modulus. It can also be physically understood as the phase 
difference between the applied stress   and measured strain   (White, 1983; 
Paffenholz and Burkhardt, 1989):  
72 
 
 
 
 
 
1
tan( )I
R
M
Q M
                                        (5.7)  
Purely elastic material is not attenuated. Therefore, the phase difference between 
stress and strain is 0, and the quality factor is theoretically infinite. The sedimentary rock 
can be characterized as viscoelastic materials with a finite, non-zero quality factor. 
Experimentally, if the phase of the applied stress and induced strain can be separately 
measured, then applying Equation 5.7 calculates the quality factor of the sample. Due to 
the application of the relative measurement, Young’s quality factor QE can be calculated 
by the measured phase std  of the standard and the phase sample  of the sample. 
     
1
t a n ( )s t d s a m p l e
EQ
                                             (5.8) 
   The quality factor for the P- and S- wave can be obtained using the following 
relationships (Gautam, 2003):   
     )tan(
1
11





ES QQ
                                    (5.9) 
     
SEP QQQ
)2(21)1)(21(  




                           (5.10) 
     θν is the phase difference between Poisson’s gauge (horizontal) and Young’s 
gauge (vertical). 
 
4.4.3 Cole-Cole modeling 
Kramer-Kronig (Bourbie et al., 1987) linked modulus dispersion and attenuation. 
No dispersion means no attenuation. Conversely, attenuation will result in 
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frequency-independent elastic properties (Dvorkin, 2005). The largest attenuation will 
occur at the frequency, where the change of modulus is maximum. The theoretical 
models, such as the constant-Q model, the Cole-Cole equation, etc., are proposed to link 
the modulus dispersion with attenuation. The Cole-Cole model couples dispersion and 
attenuation by a real RM  and imaginary IM  part of a modulus: 
0
1
( ) ( ) ( )
1 ( )
R I k
M M
M M M M
i
  


 

   

                            (5.11) 
where   is the relaxation time and k  is a distribution parameter that controls 
the relaxation range. M  and  0M  are the infinite modulus and zero frequency 
modulus, respectively.  
As a model characterizes the behavior of one single attenuation mechanism, the 
Cole-Cole model is applied to fit the measured data of fluid-saturated porous rocks. 
Figure 4.7 (a) shows an example of the Cole-Cole model with 38.5M   GPa, 
0 20M  GPa, and relaxation time 
510   s. Evidently, the low-frequency and 
high-frequency limits are independent of the distribution parameter when it varies from 
0.2 to 0.6, but the rate of change of the modulus is largely dependent. The larger 
distribution ( 0.6k  ) results in a lower change rate for the modulus over a broad 
frequency range, while the small distribution ( 0.2k  ) results in a steeper modulus 
change over a narrow frequency range. Since the magnitude of attenuation, measured as 
inverse Q in Figure 4.7 (b), is directly related to how intensely the modulus varies, it is no 
surprise that the largest attenuation occurs when 0.2k  . 
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Figure 4.7 An example of Cole-Cole modeling. (a) Young’s modulus against frequency; 
(b) Inverse-quality factor against frequency. 
 
(a) 
(b) 
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4.5 Measurement challenges 
The primary challenges come from the output signals of weak-strain gauge, 
quality of sample preparation, and quality of mechanical assembling.  
 
4.5.1 Low-strain amplitude 
     Because the elasticity of seismic strain amplitude is less than 10
-6
 in the far field, 
Figure 4.8, it requires us to perform low-frequency measurement at the same magnitude 
of strain amplitude, within seismic frequencies range. As a result, performing the 
force-deformation measurement for the small strain ( 610  ) is technically challenging. 
Low-frequency apparatus at the University of Houston’s Rock Physics Laboratory is in a 
frequency range of between 2 and 1000 Hz, with a measured strain amplitude less 
than 710 . Therefore, the low-frequency apparatus allows us to perform the measurements 
at the seismic strain-amplitude level over a large frequency band (2-800 Hz). 
Combination with ultrasonic measurements of the same strain amplitude but 
high-frequency (1000 kHz) enables us to characterize the possible dispersion and 
attenuation mechanism over all frequencies.  
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Figure 4.8 Strain amplitude and attenuation in rocks (from Winkler et al., 1979). 
 
4.5.2 Low signal-to-noise ratio  
In order to mimic the dynamic seismic strain amplitude ( 610  ) in the 
laboratory, the output signal of strain amplitude only reaches 10
-8
 in practical 
measurement in our case. Consequently, the strain gauge’s Wheatstone bridge output is 
only in the micro-volt range, which is very easy to contaminate with environmental 
electromagnetic noise. Therefore, special care has to been taken, where the hardware 
(wiring, shielding, grounding), AD conversion (high resolution), and software (signal 
processing, and measurement automation) are concerned for the acquisition and retrieval 
of the signal (Yao, 2014). 
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4.6 Accuracy analysis     
     In order to measure consistent results, four semi-conductors are attached on surface 
of the sample, placed at 0
0
, 90
0
, 180
0
, and 270
0
. Figure 4.9 shows the measured strain 
amplitude.  
 
Figure 4.9 Measured six-channel signals at 400 Hz. White and red is the Young’s 
strain-amplitude of the standard; yellow and pink is the Young’s strain-amplitude of the 
sample, which is used to calculate Young’s modulus of the sample; blue and light blue is 
the Poisson’s ratio strain-amplitude of the sample, which is applied in the calculation of 
Poisson’s ratio. 
 
     Accuracy and reliablity of laboratory measurement is important in the evaluation of 
data quality. The measured strain amplitude of both the standard and sample are a key to 
calculate the Young’s modulus, while the phase difference between the applied stress and 
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induced strain is applied to calculate attenuation. Therefore, the electrical system error, 
and random error including sample preparation and sample setup, are analyzed first 
before conducting any field-sample measurement. Figure 4.10 (a) shows the 
strain-amplitude ratio of the sample (aluminum) extracted from single Young’s gauge, 
while Figure 4.10 (c) shows the corresponding phase difference. Theoretically, the 
strain-amplitude ratio and phase difference are extracted from single strain guage shoubd 
be 1 and 0, respectively. For our low-frequency apparatus, the electrical system only 
causes a maximum error of 0.2% in the strain-amplitude ratio, and the distinguished 
phase difference is 0.05
o
 (corresponding 1146Q  ). On the other hand, the sample 
preparation and setup will inevitably cause additional error due to the surface coupling, 
flatness, and strain-gauge tolerance. Figure 4.10 (b) shows the strain-amplitude ratio of 
Young’s gauge between the standard (titanium) and sample (aluminum) reaches 0.984 at 
least. It means that the total errors, including electrical system error and 
sample-prepartion error and setup error are still less than 5%, which is the tolerance of 
strain gauge. Correspondingly, the system can distinguish the minimum phase difference 
of 0.12
o
, which corresponds to maximum quality factor of 477.  
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Figure 4.10 (a) Strain amplitude ratio against frequency for single Young’s gauge on 
aluminum; (b) Strain amplitude ratio against frequency for Young’s gauge attached on the 
surface of standard and sample, respectively; (c) Phase difference for single Young’s 
gauge on aluminum; (d) Phase difference for Young’s gauge attached on the surface of 
standard and sample, respectively. 
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4.7 Calibration of low-frequency system 
     In order to calibrate the low-frequency system firstly, the measurements are 
conducted on known modulus materials (aluminum, 69E GPa ) using the static method 
(0 Hz), force-deformation principle (2-800 Hz), and ultrasonic measurement (10
6 
Hz) to 
verify the stability and reliability of low-frequency apparatus. Since aluminum is purely 
elastic, it offers no response to the frequency, Figure 4.11. Evidently, Young’s modulus of 
aluminum over all frequency band is constant. Figure 4.12 shows that quality factor of 
aluminum is very high, that indicates that aluminum is purely elastic.  
 
Figure 4.11 The Young’s modulus of aluminum, measured by the static method (0 Hz), 
force-deformation principle (2-800 Hz), and the ultrasonic measurement (10
6
 Hz).  
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Figure 4.12 Quality factor of aluminum.   
 
4.8 Low-frequency measurement on field sandstones  
4.8.1 What is “dry” rock? 
     The “dry” rock generally refers to the following four states (Bourbié et al., 1987): 
 “Moon-dry” refers to a sample without adsorbed water; the attenuation is very 
low, typically 2000Q  . 
 “Vacuum-dry” refers to adsorbed fluid that, even in small quantities, is sufficient 
to cause a relative drop in attenuation (100 1000Q  ).  
 “Room-dry” refers to the humidity of the ambient air. Although it is hard to 
measure with ordinary equipment, it allows water to be adsorbed in sufficient 
quantities to disrupt the value of attenuation.  
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 “Wet-air” refers to a rock that has remained in conditions with a high degree of 
humidity for a long time. The saturation may reach several percentage. Therefore, 
the attenuation value is generally higher than those in previous cases.  
4.8.2 Sample description  
     The high-porosity sandstone is measured in this section. Table 4.1 lists an overview 
of rock properties. Total porosity is measured from the bulk and grain volume using 
Boyle’s law. Steady-state gas-permeability measurements are performed at the confining 
pressure of 600 psi. 
Table 4.1: The basic properties of sample #2. 
Parameters #2 
W (g) 106.37 
L (cm) 4.86 
D (cm) 3.77 
Porosity 24.8% 
Permeability (md) 866 
Grain density (g/cc) 2.60 
Bulk density (g/cc) 1.96 
 
 
4.8.3 Low-frequency measurement under room-dry conditions 
     The low-frequency measurement is first performed with different confining 
pressures under room-dry conditions. The valve, placed at the pore-pressure line, is 
closed during the measurement. Hence, it is un-drained condition. In other words, it is no 
fluid communication (if it exists) between the porous sample and pump tank during the 
83 
 
 
 
 
 
low-frequency measurements.  
 
 
Figure 4.13 Converted P-wave and S-wave velocities against frequency for sample #2 
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under room-dry conditions 
     In Figure 4.13, converted P-wave and S-wave velocities increase gradually with 
increased frequency. Moreover, the velocities continue to be dispersive until they reach 
the ultrasonic points under the same differential pressure condition. In addition, both the 
P-wave and S-wave velocities are sensitive to the confining pressure over low-frequency 
band and ultrasonic frequency. The velocity dispersion decreases gradually with the 
increased differential pressure, Figure 4.13. 
 
Figure 4.14 Ratio of converted bulk modulus and shear modulus against frequency for 
sample #2 under room-dry conditions 
 
     Since the fluid-flow-related dispersion is mainly reflected in the bulk modulus than 
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shear modulus, hence, measured Young’s modulus and Poisson’s ratio are converted into 
the ratio of bulk and shear modulus, which increases slightly with increases frequency 
because of dispersive bulk modulus under room-dry condition, Figure 4.14. Due to 
dispersive bulk modulus. Meanwhile, it confirms that 1K G   in dry sandstone (Smith 
et al., 2003).  
 
Figure 4.15 Poisson’s ratio against frequency for sample #2 under room-dry conditions. 
 
     The Poisson’s ratio measured in the low-frequency apparatus is actually dynamic. 
The resonance of the mechanical parts of low-frequency system may affect the dynamic 
Poisson’s ratio, especially at high frequencies around 800 Hz, Figure 4.15. The dynamic 
Poisson’s ratio increases significantly as the differential pressure increases from 0 psi 
1,000 psi, then it increases slightly as the differential pressure goes up to 2,000 psi. It 
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indicates that the pores have a strong effect on Poisson’s ratio (Dunn and Ledbetter, 1995; 
Wang and Nur, 2000). The soft-pores and micro-cracks are closed with increased 
differential pressure, especially as soft-pores and micro-cracks are sensitive to the initial 
pressure loading in the high-porosity sample. It can conclude that the presence of 
considerable numbers of soft-pores and cracks decreases the dynamic Poisson’s ratio 
significantly. In addition, the dynamic Poisson’s ratio increases slightly with the 
increased frequency. Compared with Poisson’s ratio at ultrasonic frequency, the Poisson’s 
ratio over low-frequency band is even higher. It is because that Poisson’s ratio, converted 
from measured P- and S-wave velocities, may have significant measurement error.  
 
4.8.4 Low-frequency measurement under partial water-saturation conditions 
     In order to observe the effect of partial gas/water-saturation on velocity dispersion 
and attenuation, the imbibition process is performed during low-frequency measurement. 
The sample is saturated with distilled water at a constant differential pressure of 2,000 psi. 
Confining pressure is 2,020 psi and pore pressure is 20 psi for all measurement points 
except water-saturation of 100%, where the confining pressure is 3,000 psi and the pore 
pressure is 1,000 psi. The constant flow rate ( 0.5f ml  ) is set up to control the 
saturation state. The valve is closed during the measurement. All measurements are 
conducted at room temperature. 
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Figure 4.16 Converted P-wave velocity against frequency for sample #2 under different 
degree of water-saturation. 
 
Figure 4.17 Converted S-wave velocity against frequency for sample #2 under different 
88 
 
 
 
 
 
degree of water-saturation. 
 
     The converted P-wave velocity is dependent on both the degree of water-saturation 
and measured frequency, Figure 4.16. For a given water saturation, P-wave velocity 
increases gradually with the increased frequency, then it keeps almost constant when 
frequency reaches about 30 Hz. Moreover, the increment rate of P-wave velocity 
decreases gradually as the water-saturation increases. According to the data analysis, the 
peak frequency is around 50 Hz, where the change of P-wave velocity is sharply. In 
addition, as is evident, for a given measured frequency, P-wave velocity decreases 
gradually as the degree of water-saturation increases towards 78.9%. P-wave velocity 
dispersion is highest when the sample is under fully water-saturated condition. In addition, 
with continuously increased water-saturation, P-wave velocity increases dramatically 
until water-saturation is almost 100%, Figure 4.16.  
     As seen in Figure 4.17, S-wave velocity, for a given water-saturation, increases 
with increased frequency, then it remains almost constant when frequency approaches 
300 Hz. Moreover, the rate of increment of S-wave velocity decreases gradually with 
increased water-saturation, nut with a very weak velocity dispersion, which may be 
caused by chemical effect. For the peak frequency, the same as P-wave velocity, is about 
50 Hz. In addition, S-wave velocity decreases with increased water-saturation until it 
reaches full 100% water-saturation. 
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Figure 4.18 The VpVs ratio again frequency for sample #2 at different degree of 
water-saturation.  
 
     Due to the existence of water in the pore space at almost fully saturated status, 
there is a strong increment in the bulk modulus than shear modulus. As a result, the 
dynamic VpVs ratio remains constant until water-saturation towards 78.9%, then it 
increases dramatically under fully water-saturated condition, Figure 4.18, (Carcione and 
Cavallini, 2002). This may give us an indicator regarding the application of dynamic 
VpVs ratio of water-saturated porous rock to identify lithology (Domenico, 1983; Kithas, 
1976; Miller and Stewart, 1990; Pickett, 1963; Winkler et al., 1979). 
     Poisson’s ratio, as a water-saturation indicator, is extremely sensitive to the degree 
of water-saturation, Figure 4.19. Evidently, for a given frequency, Poisson’s ratio is 
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almost constant when the water-saturation is less than 78.9%. It increases dramatically 
from 0.15 to 0.28 under fully water-saturation condition. In addition, for a given 
water-saturation, Poisson’s ratio increases gradually with increased frequency.  
 
Figure 4.19 The measured Poisson’s ratio against frequency for sample #2 under partial 
water-saturation conditions. 
 
4.9 Discussions 
     Figure 4.20 shows that the attenuation, characterized by the inverse-quality factor, 
depends predominantly on degree of water-saturation (Murphy, 1982; Cadoret et al., 
1993). As the percentage of water-saturation increases, the attenuation increases until it 
reaches the energy-loss peaks at a water-saturation of roughly 80%. After that critical 
water-saturation, the attenuation dramatically decreases. Additionally, it is evident that 
the attenuation is frequency-dependent. For a given measured frequency, the higher the 
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frequency, the higher the attenuation. However, the attenuation increment decreases at 
high frequency.  
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Figure 4.20 The measured Young’s inverse-quality factor against water-saturation degree.  
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Figure 4.21 Velocities against water-saturation for both measured data and Gassmann 
predictions. (a) P-wave velocity; (b) S-wave velocity. 
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     Figure 4.21 represents the measured low-frequency data points (dots), which fit 
well with the Gassmann prediction (dashed line). The input parameters for utilizing the 
Gassmann’s equation are listed in Table 4.2. Estimation errors in the mineral bulk 
modulus and dry bulk modulus can explain the difference between the measured 
low-frequency data and Gassmann prediction. For the S-wave in Figure 4.21 (b), the 
measured data points at low frequencies fit fairly well with constant shear-modulus 
assumption of Gassmann’s equation. The heterogeneous fluid distribution can explain the 
slight discrepancy (Cadoret et al., 1995). The change in S-wave velocity may result from 
the density increment with increased water-saturation.  
 
Table 4.2: The input and output parameters for utilizing the Gassmann’s equation. 
Inputs/Outputs Gsat=Gdry Measured Gsat 
Porosity  24.79% 23.49% 
Dry bulk modulus GPa  
(Room-dry@2000Psi,2Hz) 
8.97 8.97 
Shear modulus Gpa  8.001 
(Room 
dry@2000Psi,2Hz) 
Measured Gsat 
Grain bulk modulus GPa  38 38 
Predicted P-wave velocity 
(0% Sw/ 100% Sw) 
3.1119/3.2891 3.1119/3.2257@2Hz 
Measured P-wave velocity 
(0% Sw/ 100% Sw) 
3.1971/3.3513 
Predicted S-wave velocity 
(0% Sw/ 100% Sw) 
1.9865/1.8808 1.9865/1.7964@2Hz 
Measured S-wave velocity 
(0% Sw/ 100% Sw) 
2.0409/1.8204 
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Note: Gsat is the abbreviation of shear modulus under water-saturation condition. Sw is 
the abbreviation of water saturation degree. 
 
     The Cole-Cole equation, as a single relaxation mechanism model, is applied to fit 
the measured Young’s modulus and attenuation, Figure 4. 22. Table 4.3 shows the fitting 
parameters. The input Young’s modulus at zero frequency is about 2% lower than the 
measured data at 2 Hz, while Young’s modulus at infinite frequency is about 2% higher 
than the measured data at 240 Hz. The relaxation peak time is calculated from the 
measured frequency of 50 Hz. Therefore, the distribution factor is the only free parameter. 
The modeled relaxation peak frequency is around 50 Hz. Meanwhile, the peak-frequency 
shifts slightly to the low-frequency range as the degree of water-saturation increases. For 
the suitability of Young’s modulus, it is evident that the Cole-Cole model fits well until 
measured frequency is over 300 Hz, which may result from the overlapping of multiple 
attenuation mechanisms.  
     In addition, under supervision, the predicted attenuation fits well with the measured 
data as is evident in Figure 4.22 (b) in the low-frequency band under all degree of 
water-saturation except full water-saturation. It is because the attenuation is very weak at 
fully saturated state. The low-frequency apparatus limit may cause measurement 
uncertainty. Due to its intrinsic feature of single relaxation mechanism, the Cole-Cole 
model cannot predict possible overlapping of multiple relaxation mechanisms for the 
measured data at high frequencies. 
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Figure 4.22 (a) Measured Young’s modulus and Cole-Cole model fitting against 
frequency; (b) Inverse-quality factor and Cole-Cole model fitting against frequency. 
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Table 4.3: The parameters for the Cole-Cole equation for sample #2. 
Input parameters Value 
Relaxation peak (sec)  0.02 
Distribution parameter k  0.46 
Young’s modulus at zero frequency 
0 ( )M Gpa  
2% lower than data 
point at 2 Hz 
Young’s modulus at infinite frequency 
( )M Gpa  
2% higher than data 
point at 240 Hz 
 
4.10 Conclusions 
     The measured results show that the velocity dispersion and attenuation at seismic 
frequencies cannot be neglected and are significant in seismic characterization. 
Comparisons between velocities achieved in the low-frequency range (2-800 Hz) and 
those achieved in the ultrasonic frequency band (10
6
 Hz) can show large differences, 
even for the room-dry rocks. Theoretical models, particularly those assuming zero or low 
frequencies, may fail to predict the behavior of rock. 
     The measured data shows that the fluid inside the pore space of rocks has a 
significant impact on the elastic properties of the sandstones. Two factors are must be 
considered. One is the degree of water-saturation, another is the measured frequency. The 
fluid-saturated porous sandstone may demonstrate different relaxation mechanisms. If the 
macroscopic pore fluids presenting at low frequency has time to equilibrate, the 
Gassmann’s equation can model the response between the pore fluids and rock frame. 
However, a substantial modulus increment is observable with the increment in the 
measured frequencies, where disequilibrium pore-pressure occurs when pore fluids do 
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not have enough time to equilibrate. Moreover, the different attenuation mechanisms may 
overlap. As the relaxation times (frequencies) of different flow mechanisms are crossed, 
attenuation reaches a peak and the elastic modulus (velocity) increases sharply. 
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Chapter 5 
Porosity of heavy oil-sand: laboratory 
measurement and bound analysis 
 
5.1 Abstract 
     The conventional porosity measurement is not adequate to precisely measure 
“as-is” porosity of heavy oil-sand sample due to its irregular sample shape, viscous 
pore-filling fluids, and especially difficult storage without losing mass. A confined 
porosity measurement strategy is specifically proposed to measure the “as-is” porosity of 
heavy oil-sand sample. This overall strategy primarily consists of two parts. First of all, 
“as-is” porosity is estimated using both assumed parameters (grain density, fluids density 
and fluids saturation) and directly measured bulk-density that is calculated from 
Archimedes principle. As a consequence, it not only keeps the sample intact, but also is 
advantageous on minimizing mass loss and external covers. Furthermore, by extracting 
the pore fluids (heavy oil, water, and possible gas) from the original sample, the assumed 
parameters are precisely measured. Therefore, another porosity-data can be calculated 
applying directly measured grain volume data and bulk volume data. Based on the 
measured data and error analysis, It can conclude that the porosity calculated from 
directly measured dataset gives us a low bound of porosity, while “as-is” porosity 
estimated from Archimedes principle presents a upper bound of porosity. 
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5.2 Introduction  
     Heavy oil-sand is significant unconventional reserves. It holds the promise of 
becoming useful fuels when the global demand for energy is increasing steadily. Heavy 
oil is defined as having API between 22.3
o
 and 10
o
, whereas API of bitumen is even less 
than 10
o
. Heavy oil is often considered to play a unique role in influencing the elastic 
properties of heavy oil-sand reservoir. First, heavy oil can act like a quasi-solid when 
temperature is less than the temperature of solid point, wherein it has a shear modulus. 
Second, heavy oil is strongly temperature-dependent, which causes the physical 
properties of heavy oil-sand to be temperature-dependent as well. Third, heavy oil often 
acts as cementing agent in unconsolidated sand (Batzle et al., 2004, 2006; Han et al., 
2008). Therefore, the viscosity of heavy oil is a crucial factor to impact reservoir 
productivity. Moreover, temperature has indispensable impact not only on the physical 
properties, but also the shape of heavy oil-sand in the laboratory.  
     Porosity measurement on sample of heavy oil-sand with “original” fluid-saturation, 
which is called as “as-is” measurements, is still challenging due to unique properties of 
heavy oil. The viscous heavy-oil with other fluids generally fill with pore space. As a 
result, heavy oil-sand is completely different from unconsolidated sand packs-saturated 
with temperature-independent fluid. Heavy oil often leads to shape change when the 
sample of heavy oil-sand is under the effect of external influences, such as thermal effect, 
pressure variation, and core damage. With respect to unconsolidated sand with good 
sorting, grain-packing mechanism indicates that the porosity can be reduced to 30% from 
the initial high-porosity with low-pressure. However, fluids-supported sample of heavy 
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oil-sand is usually deposited at shallow stratum. Therefore, sand-suspended in heavy oil 
will cause high-porosity under room condition. The high-viscosity of heavy oil also 
makes the sample of heavy oil-sand bear ultra-low apparent-permeability and isolated air 
bubbles. Usually, “as-is” porosity is around 36%, and in some case, it can be higher than 
40%, which is beyond the typically critical porosity of random granular packs. Although 
the sample of heavy oil-sand has high-porosity, most pores is fully saturated with viscous 
heavy oil. Therefore, the porosity does not vary very much with the variation of the 
confining pressure under the assumption of no fluids leaking. In addition, due to 
pore-filling with viscous heavy oil, the conventional Boyle porosimeter fails to measure 
the porosity of heavy oil-sand sample.   
     Two important issues are at least required to be addressed during the measurement 
of “as-is” porosity of sample of heavy oil-sand. First, it is necessary to keep the sample of 
heavy oil-sand intact during the measurement, because the sample may need to go 
through different laboratory processes. Second, precisely estimating physical parameters, 
including bulk volume, grain density, and fluids saturation in the porosity measurement, 
is another key issue that should pay particular attention to either in the laboratory or in 
the reservoir production. However, this subject has been sparsely documented in 
published literatures. In this chapter, a new confined laboratory-measurement strategy is 
proposed to measure porosity of sample of heavy oil-sand.  
     This chapter is organized as follows: First, the samples of heavy oil-sand are 
briefly introduced. Meanwhile, the measurement workflow is also described to show 
proposed measurement strategy. Then the Archimedes principle is introduced to show 
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specifically how the “as-is” porosity to be calculated. Next, the laboratory processes of 
extracting the pore fluids from the sample of heavy oil-sand are carried out. Meanwhile, 
the porosity is calculated using directly measured grain volume and bulk volume. Finally, 
two-group data of measured porosity are analyzed to constrain the possible confined 
bounds on porosity of sample of heavy oil-sand. 
 
5.3 Sample description and measurement strategy 
     All core plugs come from a shallow heavy oil-sand reservoir. They are frozen with 
cylinder shape: 1.5 inch in diameter, roughly 3 inch in length, and jacketed with the 
wrapped Teflon-tape inside, metal foil, and metal screen caps, Figure 5.1. Most samples 
appear as poorly unconsolidated sand with heavy oil-saturation. Black, sticky heavy oil 
seems to serve as viscous glue to hold sand grains together and maintain integrity of solid 
matrix. As a result, the sample of heavy oil-sand could be easily deformed and damaged 
due to its unconsolidated nature, Figure 5.1. 
 
 
Figure 5.1 The shape of sample of heavy oil-sand. 
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     In general, the sample of heavy oil-sand is plugged out from a whole core with 
liquid nitrogen as cooling liquid to maintain sample integrity. Our samples are stored in a 
freezer all the time to preserve integrity. We cannot directly measure porosity of sample 
of heavy oil-sand due to existing pore fluids, which may include heavy oil, water, and gas 
bubbles. However, because gas can bubble out from pore liquids due to the pressure 
release when core is retrieved to surface, so gas may not exist in pores anymore under 
surface condition. Air packets in pores can also be generated as water vaporizes naturally, 
especially for the defrosted sample. If the pore fluids is cleaned out, sand framework is 
most likely to collapse into loose sand. Therefore, with respect to carefully handle the 
sample because it is easily altered and the original form cannot be recovered. Due to the 
nature of the sample of heavy oil-sand, the laboratory measurements are destructive, 
process-dependent. As a consequence, recording all the measurement processes and 
intermediate results are obligatory to keep dataset consistent and meaningful. 
 
We assume those samples are maintained under in-situ conditions: 
1. Whole core-drilled, and retrieved without damage under in-situ condition. 
2. Samples-drilled, transported, and stored without damage. 
3. Part of pore fluids may be lost when sample is retrieved. In most likely case, gas 
may be released if it exists in pore fluids. Water (ice) can be evaporated under 
frozen condition. As a result, heavy oil will remain in pores with a fraction of 
water and trivial air.     
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Figure 5.2 Porosity-measurement strategy of sample of heavy oil-sand using Archimedes 
principle (left) and using solid-volume preservation (right).   
 
     Additional pore space may also be generated due to sample expansion, or possible 
damage. In order to minimize unnecessary damage and accurately estimate porosity 
during the measurement, the following porosity-measurement strategy is proposed as 
seen in Figure 5.2. The primary goal of keep sample intact is a key point using 
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Archimedes law during the porosity measurements. Extracting the fluids (heavy 
oil/water/gas) to isolate the solids part is a supplementary step to precisely measure 
required parameters, including fluids density, grain density, and solid volume. Moreover, 
it leads us to an alternative option of laboratory measurement to calculate the porosity of 
heavy oil-sand. 
 
Figure 5.3 A schematic of porosity measurement method applying Archimedes principle.  
 
5.4 Procedure of porosity measurement using Archimedes principle  
     Considering irregular shape of deformable heavy oil-sand sample, the Archimedes 
principle is first applied to measure the bulk volume. It not only keeps the sample intact 
but also measures the accurate bulk volume to calculate the “as-is” porosity as a 
high-bound of porosity under the assumption of 100% fluid-saturation. As a 
supplementary but necessary step, extracting the pore fluids from the sample of heavy 
oil-sand can not only successfully predict a low bound of porosity of heavy oil-sand 
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based on the direct measurement data, but also provide a chance to further constrain the 
precise percentage of fluid kind.  
     The equation for the “as-is” bulk-density of sample of heavy oil-sand can be 
written as 
     ( ) ( 1 )o w f l u i d a i r a i r g r a i n b a s i sS S S                         (5.1) 
     where, 0S  is oil saturation, wS is water saturation, and airS  is air saturation; 
fluid  is fluids density, air  is air density, grain  is grain density, basis  is “as-is” bulk 
density;   is “as-is” porosity. 
     if assuming air density air is 0, the “as-is” porosity can be expressed as  
     
( )
grain basis
grain o w fluidS S
 

 


 
                                    (5.2) 
       basis  is the parameter that is measured in the Archimedes principle, the rest can 
also be measured in the subsequent step of fluids extraction. 
     According to the Archimedes principle, 
     
2 1
t
w
w w
V



                                                (5.3) 
     where w  is the density of water; “ 2 1w w ” is the mass difference before and 
after submerging heavy oil-sand sample with covers into water; tV  is the water volume 
occupied by the sample. If there is no water invading into the sample, tV  should be 
equal to the bulk volume of the sample with the Teflon cover. 
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     Generally, the sample of heavy oil-sand is wrapped with the Teflon tape and metal 
foil on the surface, and two-screen caps on the top and bottom of core plug, respectively. 
In order to make accurate measurement, we need to remove all the metal foils off and 
maintain the minimum of Teflon cover and one screen in each side to keep the integrity 
of sample. Therefore, effect of attached Teflon wraps and screen on the porosity 
measurement is required to be revised as seen in Figure 5.4.  
 
Figure 5.4 A schematic of the Teflon wrapping around sample and metal caps in 
two-side of sample of heavy oil-sand.  
 
      Based on this idea, porosity laboratory-measurement steps is given by: 
Step 1: Estimate the native bulk mass bw  of sample of heavy oil-sand 
     b t o t a l t e f l o n c a p sw w w w                                       (5.4) 
     where totalw  is the mass of measured sample; teflonw  and capsw  are the mass of 
Teflon and caps, respectively. 
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     For the sample of heavy oil-sand with regular cylinder shape, which is first 
wrapped with Teflon tape, then with nickel foil and 2-3 layers of stainless steel-mash 
screens to protect the sample. In general, it may highly damage the sample of heavy 
oil-sand due to the viscous heavy oil and fragile rock frame when taking wrapped 
material off. In order to minimize the sample damage when estimating the mass of 
wrapped materials, the wrapped foil and tape are removed from a shale sample, measure 
their mass, and define the relationship with the sample length. Based on the sample 
length of heavy oil-sand, the mass of wrapped material and screen can be estimated, 
therefore, their volumes can be calculated with known density. Specifically, since the 
area density of Teflon is 0.0192 
2g cm , we can estimate the Teflon mass that equals to 
cover area of Teflon by area density. Two-screen caps are 0.55 g . According to 
Equation 5.4, it is easy to estimate the native mass of the sample of heavy oil-sand. Error 
on such mass estimation is usually less than 0.3 g , which is less than 0.5% of sample 
mass. 
 
Step 2: Calculate the native bulk volume bV  of sample of heavy oil-sand 
b total teflon capsV V V V                                   (5.5) 
     Where totalV  is the volume of measured sample; teflonV  and capsV are volumes of 
covered Teflon and caps, respectively. From step 1 to step 2, we use density of Teflon 
(2.2 3g cm ) to calculate teflonV , the same as for capsV with density of 7.8 
3g cm . 
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     If no water invades into measured sample, its mass does not change before and 
after submerging into water tank, and sample volume Vtotal will be equal to the volume Vt 
calculated based on Equation 5.3. If there is water invasion, that shows as the increment 
of sample mass dw after the sample is submerged into water tank, then we need to 
compensate dw effect on the 2w  due to reduction of buoyancy force using Equation 5.6. 
For most heavy oil-sand samples, dw is relatively small, even negligible. Large dw may 
indicate a large portion of air in pore space. 
     2 1
total t w
w
V V dw
w w dw


 
 
                                         (5.6) 
Step 3: Calculate the “as-is” bulk density 
     “As-is” bulk density basis of measured sample is calculated as ratio of the sample 
mass bw  to the volume bV . 
b
basis
b
w
V
 
                                            (5.7) 
     The calculated “as-is” bulk density from the sample mass and sample volume is 
applied to characterize the initial status of sample of heavy oil-sand. 
 
Step 4: Calculate the “as-is” porosity 
     Now we can calculate porosity based on the following assumptions: 
1. Assume that grain density grain  is equal to 2.65 
3g cm .   
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2. Assume that heavy oil and water have the same density as 0.998 
3g cm .   
3. Assume that the sample heavy oil-sand is fully saturated with heavy oil and water, 
and air occupied pore space is ignored. 
0 01w air wS S S S S                     (5.8) 
     where, 0S  is oil saturation, wS is water saturation, and airS  is air saturation. 
     Actually, these assumptions can be verified and updated with measured data when 
performing the fluids extraction later. It is found that the assumption 1 and 2 are 
reasonable and cause negligible errors. However, ignoring contribution of air occupied 
pore space willoverestimate porosity. Fortunately, the air saturation airS  can also be 
measured during the process of heavy oil-extraction. If assuming air density air  is 0, 
the “as-is” bulk density of sample of heavy oil-sand can be written 
     
( )
grain basis grain basis
b
grain o w fluid grain fluidS S
   
 
   
 
  
  
                (5.9) 
     Since we ignore the pore space occupied by the air, the actually estimated porosity 
b  is overestimated comparing with ideally calculated  , as shown in Equation 5.9. All 
the measurements are carried out at room temperature and pressure conditions. 
     Based on the measured “as-is” bulk density of the sample of heavy oil-sand and 
reasonable assumptions, the “as-is” porosity can be calculated, as seen in Table 5.1. 
Because the assumption of heavy oil-water saturation will overestimate “true” porosity, 
the porosity b  data in the table 5.1 is seen as a high bound of porosity of heavy oil-sand 
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sample. If we assume the sample is partially saturated by 80% or 90% heavy oil (suffix 
“Sb” in the Figure 5.5), and the rest pores are saturated with air. Data suggests that 10% 
of air-saturation can cause 6% porosity reduction. Therefore, in order to accurately 
estimate porosity, measuring the precise air-saturation of frozen sample is an 
indispensable step. In the porosity calculation, the density of water is 0.998 
3g cm and 
the density of heavy oil is 1.025 
3g cm , which are measured by Rock Physics 
Laboratory at University of Houston. 
 
Table 5.1: Measured porosity b  of sample of “as-is” heavy oil-sand with the 
assumption of 100% fluids-saturation. 
Sample Porosity  
1 0.4155  
2 0.4667  
3 0.4486  
4 0.4279  
5 0.3681  
6 0.4028  
7 0.4705  
8 0.4606  
9 0.4597  
10 0.4610  
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Figure 5.5 Estimated porosity with different degree of heavy oil-saturation. The 
abbreviation “Sb” indicates the percentage of heavy oil-saturation.  
 
5.5 Porosity calculation using solid volume  
5.5.1 Procedure of Heavy oil-extraction 
     The field samples are not allowed us to break down for they are expensive and rare. 
Therefore, applying the Archimedes principle can ensure experimental measurements 
without sample damage. Since the bulk volume has been successfully estimated using 
Archimedes principle. According to theoretical analysis, directly measured data will 
provide us a low bound of porosity of heavy oil-sand sample. Practically, we apply heavy 
oil-extraction method to extract the heavy oil and weigh the residual grain volume. In 
order to do so, we need to briefly introduce the procedure of heavy oil-extraction, Figure 
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5.6 (Allen, 1973; Brown et al., 1977; Das, 1995). With mixing solvent, chemical process 
of extracting heavy oil will take 4-6 weeks under low-temperature condition.  
 
Figure 5.6 A schematic of the procedure of heavy oil-extraction. 
 
     Sand grains is carefully weighed when all pore fluids (heavy oil and pore water) 
are cleaned out. Heavy oil is carefully extracted, its mass is completely preserved during 
the entire extraction procedure. Unfortunately, we cannot measure the mass of pore water 
directly, because pore water evaporates during the extraction processes. However, the 
mass of residual pore water is calculated, based on the weight differences before and after 
the extraction, if assuming it is no air-occupied in pore space. The mass of “as-is” sample 
wb is equal to   
      b g o ww w w w                                                           (5.10) 
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     where wg is the mass of sand grains, and wo is the mass of heavy oil. The mass of 
air wa is ignored. The mass of pore water ww can be calculated. 
     w b g ow w w w                                                              (5.11) 
     If we assume that the sample of heavy oil sand is fully saturated with heavy oil and 
water without any air trapped in the pore space, the mass of pore water ww calculated 
from Equation 5.11 can help to calculate porosity, water saturation, and oil saturation.   
 
5.5.2 Mineral density measurement 
     After the heavy oil-extraction, because the inner wrapping-Teflon cover fails to 
hold sample integrity, dry sand framework collapses into loose sand. There is no 
framework structure existing after extraction processes. Therefore, mineral density of 
solid grains can be measured with helium porosimeter. Figure 5.7 shows measured 
mineral density, which clearly suggests that our assumption of grain density of 2.65 
3g cm is reasonable.   
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Figure 5.7 Grain density of the sample of heavy oil sand.  
 
5.5.3 Porosity calculation using directly measured solid volume 
     Theoretically, if we have weighted the mass and its corresponding density for all 
components of the sample of heavy oil-sand, it gives us a chance to calculate the volume 
relations 
     b g o w aV V V V V                                          (5.12) 
     here, ; ; ;
g o w a
g o w a
g o w a
w w w w
V V V V
   
    . 
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     where Vb  is bulk volume of sample, Vg is grain volume,  Vo is oil volume, Vw is 
water volume, and Va is air volume. g , o , w  , a  is solid density of the sample of 
heavy oil-sand, oil density, water density and air density, respectively.  
     In Equation 5.12, because we do not know air volume Va, it is impossible to 
calculate the bulk volume Vb with the mass preservation data. Here, the sum Vwa of the 
water volume Vw and the air volume Va is a constant value if assuming oil volume Vo 
remains constant. The ww is the mass of residual water, which can change easily. As we 
have mentioned that pore water can be evaporated if the sample is exposed under room 
condition for a few days. Therefore, we cannot help to estimate porosity and fluid 
saturation based on the theoretical Equation 5.12. However, if we use the bulk volume 
measured using the Archimedes principle, pore volume is estimated as 
     p o w a b gV V V V V V                                                (5.13) 
     where, pV  is pore volume. 
     Then porosity   is defined as the ratio of pore volume and bulk volume, which 
can be calculated as,  
     =  =  1
p b g g
v
b b b
V V V V
V V V
 

                                            (5.14) 
 
     Equation 5.14 is an alternative option to calculate porosity v , based on the 
measured solid volume. This porosity calculation method applies directly measured data 
without additional assumptions. Hence, it is a reliable laboratory measurement choice to 
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predict porosity of heavy oil-sand sample with acceptable uncertainties. Measured solid 
volume data and calculated porosity of heavy oil-sand samples are listed in the table 5.2. 
The data are systematically lower than the estimated porosity b  as Equation 5.9 shows. 
Table 5.2: Porosity calculation using measured solid volume  
Sample 
Grain 
 weight 
(g) 
Grain 
density 
(g/cc) 
Grain 
volume 
(cc) 
Bulk  
volume 
(cc) Porosity 
1 174.00 2.62 66.412 108.8108 0.390 
2 124.00 2.67 46.442 83.2068 0.442 
3 141.15 2.66 53.064 89.3706 0.406 
4 171.00 2.65 64.528 104.1920 0.381 
5 168.00 2.66 63.158 93.2700 0.323 
6 142.24 2.65 53.675 92.7298 0.421 
7 144.35 2.66 54.267 95.4357 0.431 
8 133.00 2.65 50.189 85.0751 0.410 
9 144.00 2.64 54.545 92.8117 0.412 
10 110.45 2.65 41.679 70.3510 0.408 
 
5.6 Uncertainties analysis  
     Laboratory measurement on porosity of the sample of heavy oil-sand is always 
challenging. The data uncertainties are unavoidable, especially considering the 
unconventional strategy of porosity-measurement. Hence, it is necessary to make an 
uncertainty analysis to evaluate the reliability of measured data. The following 
measurement steps possibly cause uncertainties during the porosity measurement. 
 
5.6.1 Archimedes principle of porosity measurement 
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a. Wrapped Teflon layers: According to our estimation of wrapped Teflon in the 
sample of heavy oil-sand, it might overestimate or underestimate the weight of 
Teflon due to the length uncertainties.  
b. Residual heavy oil in the metal foils and caps: Since the heavy oil is very sticky 
and viscous, some will remain on the metal foils and caps when separated from 
original heavy oil-sand sample.  
 
5.6.2 The procedure of heavy oil-extraction  
c. Residual sand grains left in the Teflon covers: During the heavy oil-extraction, it 
is found that there is still small amount of sand grains left in the Teflon cover with 
sticky heavy oil. As a result, we will overestimate the porosity calculated from 
grain volume. 
d. Light component of heavy oil evaporating: We carefully keep the status of 
low-temperature during the process of oil extraction. However, there is still a 
chance that the light component of heavy oil could be evaporated, which will 
probably cause underestimation of heavy oil-saturation.  
e. As mentioned, the “as-is” heavy oil-sand sample contains heavy oil, pore water, 
and empty space filled with air. But the sample is exposed in room condition for 
few days before putting into the extraction system, it could cause pore-water 
evaporation. 
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5.7 Discussions 
5.7.1 Comparison of two datasets 
     Porosity data b , measured by using Archimedes principle, and with porosity v , 
calculated by using the solid volume preservation method, as listed in Table 5.3. Clearly, 
porosity b  overestimates “true” porosity and is systematically higher than porosity v , 
except sample 6. It is primarily caused by the assumption of ignoring the pore space 
occupied by the air in the heavy oil-sand sample. The theoretical “as-is” porosity 
equation can be expressed as: 
     
( )
( ) [1 ( )]
grain basis
grain o w fluid air air
grain basis
grain o w fluid o w air
S S S
S S S S
 

  
 
  


  


    
                     (5.15) 
     Since the air-saturation is assumed to be zero in the Archimedes principle, namely, 
term [1 ( )] 0o w airS S    , meanwhile, the increment of term ( )o w fluidS S   will be 
dramatically greater than decrement of term [1 ( )]o w airS S    because the fluid air  , 
the denominator will decrease, therefore,   is finally overestimated.  
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Table 5.3: Porosity comparison between data from Archimedes principle and from 
directly measured solid volume data 
Sample Porosity 
b  
 Porosity 
v  
 
b - v  
 
1 0.4155   0.390  0.026  
2 0.4667  0.442  0.025  
3 0.4486  0.406  0.043  
4 0.4279  0.381  0.047  
5 0.3681  0.323  0.045  
6 0.4028  0.421  -0.018  
7 0.4705  0.431  0.040  
8 0.4606  0.410  0.051  
9 0.4597  0.412  0.048  
10 0.4610  0.408  0.053  
 
     Since the effect of air saturation on the bulk density is ignored, which causes the 
overestimation of porosity b. The difference may indicate the air saturation in pores.  
1
grain basis g
b v
grain fluid b
V
V
 
 
 

   

                        (5.16) 
     Based on measured samples in this chapter, porosity of sample of heavy oil-sand 
under room condition typically ranges between 35% and 40%, with heavy oil-saturation 
of ~70%. Pore water may be lost during the sample preservation. Therefore, additional 
pore space could be generated by the sample expansion, or possible damage. Hence, it 
generally tends to be several percent unit (PU) higher than the porosity estimation from 
well-log.  
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5.7.2 Porosity bound analysis 
     Because the measured bulk volume may be sightly overestimated due to the extra 
pore generation and mass loss in grain-volume measurement, as well as, using directly 
measured data without any assumptions, the porosity calculation can be assumed as a low 
bound of porosity. On the other hand, due to the assumptions of full fluid-saturation and 
ignoring air-space occupation in the Archimedes principle, it allows us to estimate a high 
bound of porosity of sample of heavy oil-sand. With comprehensive analysis on the entire 
measurement processes, it is believed that the true “as-is” porosity of the sample of heavy 
oil-sand is close to the low bound of porosity. 
 
5.7.3 Percentage estimation of oil and water-saturation 
     Figure 5.8 shows porosity estimated based on Equation 5.9 with 100%, 90%, and 
80% heavy oil-saturation and porosity v based on Equation 5.14. According to 
uncertainties analysis, the porosity v, is close to the true “as-is” porosity of heavy 
oil-sand. The heavy oil-sand sample appears to have heavy oil-water saturation around 
80% to 90%. Then air saturation is 20 to 10% accordingly. On the other hand, the heavy 
oil and water-saturation can also be estimated based on the solid-volume preservation   
 
                           (5.17) 
 
     Most samples show ~70% heavy oil-saturation and ~30% water-saturation, Figure 
5.9. 
; 1oo w o
b g
V
S S S
V V
  

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Figure 5.8 Measured porosity with different percentage heavy oil-saturation from two 
different data sources.  
 
Figure 5.8 Porosity, measured by using Archimedes principle with different degree of 
heavy oil-saturation from different data sources. 
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5.7.4 Efficiency and expense 
     The Archimedes principle is advantageous and adverse on the porosity 
measurement of the sample of heavy oil-sand. From advantageous look, in fact bulk 
density is measured with the prerequisites of keeping sample intact, which is the primary 
goal of application of Archimedes principle. Furthermore, estimating the rest parameters 
takes an adverse effect on the precise calculation of porosity. As a supplementary step, 
the fluids density, grain density, and fluid saturation are measured when extracting the 
fluids from the original sample. However, it breaks the sample and troubles the 
subsequent measurement. As a trade-off analysis, the representative samples from the 
same reservoir can be extracted to evaluate the required parameters. From the operable 
and practical point of view, the Archimedes principle is easy to proceed in the laboratory 
measurement with key parameters measured from fluids extraction approach. 
Furthermore, as a compromise of costing and acceptable result, the Archimedes principle 
with the some key parameters constrained by fluids extraction approach enable us to do 
the porosity measurement efficiently.   
 
5.8 Conclusions 
     A hybrid strategy porosity-measurement is proposed to estimate the “as-is” 
porosity of sample of heavy oil-sand. This two-step method first allows us to estimate the 
high porosity limit by applying the Archimedes principle. The Archimedes principle 
method is both advantageous and adverse on the measurement. It is easy and economical 
in practical experiment for bulk density measurement with the prerequisites of keeping 
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sample intact, but brings in more uncertainties when ignoring the air in pore and 
assuming the full fluid-saturation in the porosity calculation. Therefore, a supplementary 
step is designed. The fluids density, grain density, and fluid saturation are measured when 
extracting the fluids from the original sample. The obtained a low bound of porosity, 
according to uncertainties evaluation and error analysis, is close to the true “as-is” 
porosity of sample of heavy oil-sand. Due to expensive cost and sample damage, we 
suggest that the representative samples from the same reservoir be extracted to evaluate 
the required parameters as a trade-off approach when Archimedes principle is applied to 
measure “as-is” porosity of sample of heavy oil-sand. 
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Chapter 6 
Elastic properties of heavy oil-sand: 
effects of temperature, pressure, and 
microstructure 
 
6.1 Abstract 
     The elastic properties of heavy oil-sand, influenced by multiphase of heavy oil 
itself and solid matrix with respect to the temperature, pressure, and microstructure, are 
investigated. In order to separately identify the role of heavy oil and solid matrix under a 
specific condition, specialized ultrasonic measurements are designed and conducted for 
both the heavy oil and solid matrix-saturated with heavy oil. Measured data indicate that 
the viscosity of the heavy oil reaches 10
15
 cP at the temperature of glass point, leading the 
heavy oil to act as a part of solid frame of heavy oil-sand sample. The heavy oil is likely 
to be movable pore fluid accordingly, once its viscosity dramatically drops to ~10
3
cP at 
the temperature of liquid point. The viscosity-induced elastic modulus of heavy oil, in 
turn, makes the elastic properties of heavy oil-saturated grain-solid sample be particular 
temperature-dependent. In addition, the rock-physics model suggests that the 
microstructure of heavy oil-sand is transitional. Consequently, the solid Gassmann’s 
equation underestimates the measured velocities at the low-temperature range of 
quasi-solid phase of heavy oil, while overestimates when the temperature exceeds the 
liquid point. Heavy oil-sand sample shows high modulus and approaches to high bound 
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due to the stiffer heavy oil acting as solid matrix with decreased temperature. In contrary, 
heavy oil-sand displays low modulus and approaches to low bound when the heavy oil is 
becoming softer with increased temperature.  
 
6.2 Introduction 
     Heavy oil is residues after the bio-degradation of light oil. Heavy oil is defined to 
bear API between 22.3
o
 and 10
o
, whereas API of bitumen is even less than 10
o
. 
Meanwhile, the high amounts of asphaltenes and resins make the viscosity of heavy oil 
several orders higher than that of light oil (Curtis, 2002; Das, 2010). Therefore, it exhibit 
distinct elastic properties. Heavy oil is often considered to have a significant impact on 
the elastic properties of heavy oil-sand. First, heavy oil acts like a quasi-solid when 
temperature is less than the temperature of liquid point, wherein it has a shear modulus; 
Second, heavy oil is strongly temperature-dependent, which, in turn, causes the physical 
properties of heavy oil-sand to be temperature-dependent; Third, heavy oil often acts as a 
cementing agent for unconsolidated sands in sedimentary rock (Batzle et al. 2004, 2006; 
Han et al. 2008). By incorporating the idea of glass point and liquid point for the 
evaluation of heavy oil, Han et al. (2008) physically divided the heavy oil into three 
phases: solid phase, quasi-solid phase, and liquid phase, Figure 6.1, which offer a clear 
insight into the physical properties of heavy oil under different temperature conditions. 
As a consequence, such unique characteristic of heavy oil makes both the laboratory 
measurements and theoretical rock-physics modeling particularly challenging.  
     Heavy oil-sand is typically unconsolidated and held together by the viscous heavy 
126 
 
 
 
 
 
oil. As a result, it is easily fragile and highly attenuated, causing the unclear and weak 
wave signals. Therefore, direct measurements of P- and S- wave velocities for heavy oil- 
sand are still lacking. Obviously, the limited available data will hinder us to analyze the 
multiphase properties of heavy oil-sand reservoir, and further to calibrate the relevant 
rock-physics models.  
 
Figure 6.1 Schematic diagram of transition zone of heavy oil-phase as a function of 
temperature (adapted from Han et al, 2008).  
 
     Performing ultrasonic measurements and developing rock-physics models are both 
indispensable tools to understand and predict the complex elastic properties of heavy oil- 
sand (Han et al., 2006; 2007; 2008; Batzle et al., 2006; Rojas et al., 2008). Direct 
laboratory measurements give us reliable data to quantitatively understand the elastic 
properties of heavy oil and heavy oil-saturated sand. Meanwhile, the rock-physics 
modeling makes us reveal the physical law behind measured data and guides us to 
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quantitatively characterize fundamental micro-mechanism between the heavy oil and 
solid matrix.  
     Some rock-physics models on heavy oil-saturated rock are documented in the 
published literatures (Leurer and Dvorkin, 2006; Ciz and Shaprio, 2007; Kato and Han, 
2008; Das and Batzle, 2009). Leurer and Dvorkin (2006) incorporated the Hertz-Mindlin 
grain-contact model (Mindlin, 1949) with viscoelastic theory to formulate effective- 
elastic properties of identical spherical solid grain packs-saturated with viscous heavy oil. 
Extended solid Gassmann-substitution, as proposed by Ciz and Shapiro (2007), extended 
the anisotropic Gassmann’s equation (Brown and Korringa, 1975) to calculate elastic 
modulus of reservoir rock-saturated with temperature-dependent heavy oil. Based on 
ultrasonic velocity measurements on the samples of unconsolidated heavy oil-sand, an 
empirical rock-physics model was established along with Gassmann theory (Kato, 2010; 
Kato and Han, 2008). Das and Batzle (2009) integrated the self-consistent approach 
(Berrymann, 1980; 1992) and the differential effective-medium theory to estimate elastic 
properties of high-porosity heavy oil-sand and further compared them with the measured 
data.  
     To quantitatively investigate the role of a single phase in the sample integration of 
heavy oil-sand, we design and perform specific laboratory measurements to understand 
the effects of each components on the whole rock properties in this chapter. We build 
three samples of artificial heavy oil-sand, two of which are the mixtures of glass beads 
with heavy oil, another is extracted grains-saturated with heavy oil. We measure the P- 
and S-wave velocities under different conditions to simulate practically physical states of 
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heavy oil-sand reservoir. This chapter is organized as follows. First, we show the 
ultrasonic measurements of heavy oil and theoretically analyze the relevant factors that 
affect their elastic properties. And then we perform ultrasonic measurements on the three 
samples of heavy oil-sand under different conditions. Lastly, based on the ultrasonic 
measurements, we summarize the elastic properties of heavy oil-sand and analyze the 
possible physical mechanism behind these measured data. 
 
6.3 Laboratory measurements 
     Laboratory measurement data are essential to calibrate the rock-physics models. 
The ultrasonic measurements are performed on both heavy oil and samples of heavy 
oil-saturated sands. The API density of the heavy oil is 6.6
o
, which is used to saturate the 
glass beads/extracted sand packs. The sample #8 and #9 are mixtures of glass beads with 
heavy oil. The sample V3 is the extracted solid grains re-saturated with heavy oil. Their 
physical properties are listed in the Table 6.1. 
 
Table 6.1: Physical parameters of heavy oil-sand samples 
Sample 
ID 
Type Porosity 
% 
 Grain 
density 
( 3g cm ) 
 Bulk density ( 3g cm ) 
Dry      Water saturation    Oil 
saturation 
#8 GB-HO 40.96  2.49  1.47   - 1.89 
#9 GB-HO 35.90  2.49   1.60  1.95  1.96  
V3 ES-HO 37.10  2.66  1.54  - 1.97 
Note: “GB-HO” represents glass bead packs-saturated with heavy oil; “ES-HO” 
represents the extracted heavy oil-sand packs-saturated with heavy oil. 
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6.3.1 Ultrasonic measurements of heavy oil 
     Based on the measured sample length and travel time by ultrasonic pulse-receiver 
technique, the P-wave velocity is defined. However, it is difficult to recognize the 
transmitted shear signals, because of the intense attenuation in heavy oil. Hence, instead 
of direct measurement, the S-wave velocity is calculated by applying Han’s S-wave 
model (2007), which considers S-wave velocity of heavy oil as a function of API and 
frequency. Technically, we estimate S-wave velocity using the FLAG program. By using 
the measured density at corresponding temperature and pressure conditions, the measured 
velocities are converted into modulus, which is more physically meaningful. Considering 
on phase-transition temperature of heavy oil and in-situ reservoir condition, we measure 
four typical temperature points for heavy oil (12 
o
C, 22 
o
C, 30 
o
C, and 60 
o
C, 
respectively), which mainly locate in the zone of quasi-solid phase. 
 
6.3.1.1 Modulus as a function of pressure and temperature 
    Figure 6.2(a) shows that both the bulk and shear modulus of heavy oil increase 
linearly with increased pressure at a given temperature. At a given pressure, because the 
heavy oil becomes stiffer with increased temperature, the lower is the temperature, the 
higher is the bulk modulus. The shear modulus is almost zero when temperature rises 
upon to 60 
o
C, which exceeds the temperature of liquid point. Once the temperature is 
less than the temperature of liquid point, the shear modulus increases gradually. It 
suggests that the viscosity-induced modulus of heavy oil is significantly dominated by 
temperature. The increment of modulus caused by temperature and pressure is displayed 
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in Figure 6.2 (b) and (c), respectively. Specifically, for a given pressure condition of 
Figure 6.2(b), the increment of bulk modulus is almost constant as pressure increases. For 
the increment of shear modulus, first, the increment is much higher under low pressure 
point comparing with the increment of bulk modulus; second, the increment of shear 
modulus decreases dramatically as pressure increases, which suggests that the 
viscosity-induced shear modulus is more sensitive to the temperature. Under a given 
pressure condition, the increment of modulus is calculated using modulus at 22 
o
C and 60 
o
C, respectively. For the pressure effect, the bulk modulus increases of 30% as 
temperature increases. Meanwhile, it increases slightly as temperature increases. The 
increment of shear modulus keeps increasing temperature from 12 
o
C to 60 
o
C. At a given 
temperature, the increment of modulus is calculated by using modulus at 0.8 MPa and 48 
MPa, Figure 6.2(c), respectively.  
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Figure 6.2 (a) Measured bulk modulus and calculated shear modulus of heavy oil against 
pressure; (b) Modulus increment against pressure; (c) Modulus increment against 
temperature. 
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6.3.1.2 Shear-viscosity as a function of temperature 
     The viscosity of heavy oil is extremely sensitive to temperature, especially when 
the measured temperature approaches both the temperatures of liquid point and glass 
point. Figure 6.3 shows that the viscosity decreases gradually with the increment of 
temperature. Usually, shear viscosity varies by orders of magnitude even for the same 
API gravity (Hinkle et al., 2008). The high shear-viscosity at low-temperature enables 
heavy oil to act as a part of solid frame, especially when the temperature is less than the 
temperature of glass point. Certainly, heavy oil at high-temperature could be treated as a 
movable liquid with no additional contribution to rock-solid frame. Namely, at 
temperature higher than the liquid point, the viscosity is so low that its effect on modulus 
can be neglected and acts as elastic material. Within these two stages, heavy oil acts as a 
viscoelastic material, where waves passing through are strongly dispersive with high 
attenuation. More importantly, heavy oil in the quasi-solid phase has a finite shear 
modulus-induced by the shear viscosity. In our case, the shear viscosity of heavy oil 
(API=6.6
o
) is about 10
15
 cP at the glass point (-34.6 
o
C) while it quickly decreases to 10
3
 
cP when temperature goes down to the liquid point (48.7 
o
C). Undoubtedly, the shear 
modulus is inevitably affected by the temperature-dependent viscosity. 
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Figure 6.3 The shear viscosity of heavy oil against the temperature (API=6.6
o
). 
 
6.3.1.3 Velocity as a function of frequency 
     When temperature is within the quasi-solid zone, shear viscosity-induced shear 
modulus is non-negligible, even though the heavy oil is assumed as a Newtonian liquid at 
quasi-solid phase (Song, 1986). For a Newtonian liquid, the viscosities are 
frequency-dependent. It leads to viscosity-induced velocity dispersion with high 
attenuation. Figure 6.4 shows both the P- and S-wave velocities increase as frequency 
increases. The velocity dispersion is predicted by the modified Havriliak-Negami model 
using the FLAG program. Both P- and S-wave velocities increase from seismic frequency 
range to ultrasonic frequency range. Moreover, Figure 6.4 (b) suggests that the S-wave is 
more dispersive than that of P-wave. It is because the shear and bulk viscosity synergistic 
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effect, although bulk viscosity is often simply assumed to be 0 (Das and Batzle, 2009). 
Additionally, at a given temperature, the velocity curve indicates that the P-wave velocity 
is slightly higher at high-pressure (7MPa) than that of at low-pressure (0.8 MPa) in the 
whole frequency range. The velocity dispersion of heavy oil decreases as temperature 
increases until P-wave velocity remains constant, and heavy oil transfers to elastic 
standard fluid when temperature (60 
o
C) is greater than the temperature of liquid point 
(48.7 
o
C). Experimentally, the measured P-wave velocity (1MHz, 12 
o
C) matches well 
with theoretical prediction under both low- and high- pressure in the quasi-solid phase. 
The S-wave velocity is closely related to the frequency, temperature, and pressure 
displays the same trend as the P-wave does. 
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Figure 6.4 (a) P-wave velocity against frequency; (b) S-wave velocity against frequency.  
 
     From above laboratory measurements and theoretical model prediction of heavy oil, 
it can conclude that the temperature is the first order factor to determine the viscosity of 
heavy oil. The viscosity-induced modulus is temperature-dependent. Meanwhile, the 
Newtonian liquid feature of heavy oil in the quasi-solid phase enables the wave velocities 
of heavy oil to be frequency-dependent. As an essential part of heavy oil-sand reservoir, 
these unique properties of heavy oil will undoubtedly determine the elastic properties of 
heavy oil-sand. Hence, we will perform specific measurements to investigate the role of 
heavy oil in the heavy oil-sand sample under different conditions.  
 
6.3.2 Ultrasonic measurements of heavy oil-saturated sands 
     Three artificial samples are measured under both dry and saturated conditions in a 
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single run. The ultrasonic measurements procedure contains two loading and unloading 
cycles at dry condition, the length variation is monitored during the loading/unloading 
cycles. Then four loading and unloading cycles are performed for the saturated samples at 
designed temperature/pressure conditions.  
     The dry-solid packs are first measured at as-is condition before measuring the 
heavy oil-saturated grain-solid samples. Two technique tricks are taken to ensure the 
dry-solid pack fully saturated. First, controlling the rate of fluid injection as low as 0.01 
ml/cc; second, the fluid is injected from the bottom of sample and observed in the outlets 
of upper pore channel. Then the sample is kept for three hours to make sure that no air 
trapped inside the sample. Meanwhile, in order to quantify the effect of fluid type, the 
sample #9 goes through water-saturation cycle firstly, and then replaced by the heavy oil. 
Four typical temperature points within quasi-solid zone (12 
o
C, 22 
o
C, 30 
o
C, and 60 
o
C, 
respectively) are measured samples of heavy oil-saturated sands. 
 
6.3.2.1 Effect of pressure on elastic modulus of solid frame under as-is dry 
condition 
     To analyze pressure-dependent elastic modulus at “as-is” grain packs samples, the 
dry modulus are measured at the second pressure cycle. Figure 6.5 shows both the bulk 
modulus and shear modulus of dry solid pack steadily increases with increased pressure. 
But the increment of bulk modulus continuously increases as pressure decreases. This is 
because the micro-crack and soft pores are quickly closed as pressure increases. Due to 
the porosity effect, the bulk modulus satisfy: sample #9 ( =35.90% ) ＞sample #8 
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( =40.96% ) ＞sample V3 ( =42.10% ). For the shear modulus, the sample V3 is higher 
than the samples #8 and #9, and the discrepancy continuously increases. This is likely to 
be caused by the smoothness of grain surface, which is considered to be the first order 
factor of influencing the shear modulus. Because the grain solids of sample V3 is from 
the extracted heavy oil-sand sample, which has been through complicated long-term 
geological process comparing with the artificial glass beads.   
 
Figure 6.5 Modulus of dry-solid packs against confining pressure.  
 
6.3.2.2 Effect of pressure on elastic modulus of heavy oil-saturated sands 
     At a given temperature point, both the bulk modulus and shear modulus of heavy 
oil-saturated solid samples steadily increase as pressure increases, Figure 6.6. Specifically, 
the bulk modulus exhibit the highest increment at temperature of 12 
o
C, then it remains 
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almost constant as temperature increases, Table 6.2(a). While the increment of shear 
modulus continuously increases as temperature increases, Table 6.2(b). Due to mostly 
measured temperature point within quasi-solid phase, it makes the modulus of heavy 
oil-saturated sand sample to be majorly determined by the elastic properties of heavy oil, 
which is mainly influenced by temperature.  
Table 6.2a: Effect of pressure on bulk modulus  
Sample 12
o
C 20/25
o
C  40
o
C  60
o
C  
#8 2.00 0.07  0.09  0.20  
#9 1.88 0.09  0.09  0.11  
V3 0.06 0.08  0.06  0.11  
 
Table 6.2b: Effect of pressure on shear modulus  
Sample 12
o
C 20/25
o
C  40
o
C  60
o
C  
#8 0.05 0.10  0.21  0.30  
#9 0.17 0.07  0.18  0.24  
V3 0.11 0.08  0.16  0.31  
Note: Calculation of the effect of pressure on P-wave velocity using measured modulus 
at 1100 psi and 500 psi, respectively. The increment equation is 
1100 500
500
psi psi
psi
M M
I
M

 , 
where 
1100 psiM  is  modulus at 1100 Psi, and 
500 psiM  is modulus at 500 psi. 
 
    The water-saturation procedure has no primary impact on the elastic properties of 
heavy oil-saturated solid sample comparing the sample #8 with the sample #9. The results 
show, firstly, the modulus of fully water-saturated sample at room condition (25 
o
C) is 
even lower than that of fully heavy oil saturated sample at 60 
o
C because of the low 
viscosity of water (1 cP). 
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Figure 6.6 Modulus against confining pressure. (a) Sample #8; (b) Sample #9; (c) 
Sample V3 (c).  
 
6.3.2.3 Effect of temperature on elastic modulus of heavy oil-saturated sands 
     As temperature increases, the bulk and shear modulus significantly decrease in the 
quasi-solid stage, Figure 6.7. In contrast, in the high temperature range, the bulk modulus 
gently decreases, whereas the shear modulus virtually remains constant. The behavior in 
the low temperature range is associated with the viscoelastic feature, that the bulk and 
shear modulus of heavy oil are enforced by the corresponding viscosities (Nur et al., 1984; 
Easterwood, 1993; Schmitt, 1999; Batzle et al., 2006). Moreover, the systematic pressure 
effects are also observable.  
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Figure 6.7 Modulus of heavy oil-saturated sand samples as a function of temperature. (a) 
sample #8; (b) sample #9; (c) sample V3.  
 
     Figure 6.8 (a) displays the temperature effects on elastic modulus for all three 
heavy oil-saturated solids samples. It again suggests that the temperature is the first order 
factor to determine the viscosity-induced modulus of heavy oil, which, in turn, makes the 
elastic properties of heavy oil-saturated solids being temperature-dependent.  
     The increment of elastic modulus is a significant indicator to characterize the 
temperature sensitivity on modulus. Under a given pressure, the modulus increment is 
calculated using the reference modulus at 60 
o
C and 12 
o
C, respectively. Figure 6.8 (b) 
shows that the shear modulus of heavy oil-saturated solids is more temperature sensitive. 
Especially, the increment ratio of shear modulus of samples #8 and #9 is about 1, whereas 
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that of sample V3 reaches 2.2 at low pressure and decreases gradually as pressure 
decreases. The viscosity-induced shear modulus of heavy oil increases significantly when 
the temperature is closed to the glass point. In contrast, the bulk modulus increases at a 
reduced rate when increasing shear viscosity from liquid point (Kato, 2010).  
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Figure 6.8 (a) Temperature effects comparison on both bulk modulus and shear modulus 
after heavy oil-saturation; (b) modulus increment.  
 
6.3.2.4 Other effects on elastic modulus of heavy oil-saturated sands 
     The microstructure and elastic properties of solids may be another factors 
influencing the elastic modulus of heavy oil-sand. For example, both samples #8 and #9 
are made of glass beads, however, the bulk modulus of sample #9 is higher than that of 
sample #8 at 12 
o
C, which can be explained by the porosity, which is a critical parameter 
to characterize the microstructure of random granular packs. Furthermore, due to the 
difference of elastic properties of quartz sands and glass bead, the sample V3 has a 
highest bulk modulus with the highest porosity. The grain surface of sample V3 is rough 
due to the complicated long-term geological process. We also can observe that the sample 
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V3 has the highest increment of shear modulus. The smoothness of grain surface is 
critical factor to influence the shear stiffness as well. 
  
6.4 Discussions 
     On the basis of above experimental results, we can summarize that the temperature, 
pressure, and microstructure are the main factors to influence the elastic properties of 
heavy oil-saturated solid matrix due to the variable characteristics of heavy oils itself. 
 
6.4.1 The dominant effect of heavy oil on rock-physics modeling 
     It is no doubt that the unique characteristics of heavy oil dominate the entire 
properties of heavy oil-sand rocks. The temperature-dependent viscosity spans from 10
15
 
cP at glass point to 10
3
 cP at liquid point. The laboratory measurements confirm Han’s 
model (Han, et al., 2008) that heavy oil can be regarded as a part of rock frame when the 
temperature is less than that of the glass point. However, it changes to completely 
movable pore fluid when the temperature is greater than that of the liquid point. As a 
consequence, at the low-temperature range of quasi-solid stage of heavy oil, the solid 
Gassmann’s equation makes an underestimation between the predicted both P- and 
S-wave velocities and measured data. It may be because partial heavy oil turns into solid 
frame at low temperature, which does not count well by the solid Gassmann’s equation. 
The solid Gassmann’s equation works well as temperature increases till reaching liquid 
point, it is due to the heavy oil starts to transfer into moveable pore filling materials with 
less shear viscosity. Once the temperature exceeds the liquid point, the solid Gassmann’s 
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again overestimates the measured data. The high temperature resulting in the variation of 
grain-solid frame of heavy oil-sand may cause this phenomenon, Figure 6.9.  
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Figure 6.9 Solid Gassmann’S equation predicts velocity against temperature with 
measured data. 
 
    Robust rock-physics model to link the physical properties of heavy oil-saturated 
rock with seismic data is a feasible tool to precisely characterize the reservoirs. Sensitive 
temperature-dependent shear viscosity of heavy oil at quasi-solid state violates 
assumptions of classical Gassmann’s equation (Gassmann, 1951), which makes fluid 
substitution in the heavy oil-saturated rock non-applicable (Makarynska et al., 2010). 
Even for the extended solid Gassmann’s equation cannot well handle the heavy oil 
saturated rock because of temperature-dependent properties of heavy oil. Therefore, 
quantitatively characterizing heavy oil-saturated sand is challenging but an indispensable 
step in theoretical modeling. The key point of capturing the elastic properties of heavy 
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oil-sand rock is to incorporate the temperature-dependent properties of heavy oil into the 
rock-physics model. It allows us to physically understand how the heavy oils determine 
the elastic properties of heavy oil-sand rocks.  
 
6.5 Conclusions 
Experimental observations of elastic properties of heavy oil and heavy oil-saturated 
grain-solid matrix suggest that the elastic properties of heavy oil sands influenced by 
multiphase of heavy oil itself and solid matrix with respect to the temperature, pressure, 
and microstructure. Moreover, the intrinsic feature of viscosity-induced heavy oil 
properties dominates the elastic properties of heavy oil saturated sand rock. Namely, the 
temperature, as the external condition, is the first order factor to determine the elastic 
properties of heavy oil-saturated sand sample. In addition, because of 
temperature-dependent heavy oil, the transitional microstructure of heavy oil-sand 
demands us to build up new rock-physics model to characterize the ambiguity of heavy 
oils in each temperature segment instead of using universal rock physics model in the 
entire temperature range.   
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 Appendix  
Appendix A 
Arrangement type I: 
   The volume V of the cement at each cement region for each grain is: 
          
2 4
2
0
( )*2
2 4
a r a
V h rdr a h
R R

                         (1) 
   Therefore, the overall volume of the cement for the sandstone is: 
                
2
2
2 ( )
4
a
V a h nm
R

                             (2) 
    where n is the number of grains around each grain (coordination number) and m is 
the number of grains in the sandstone.  
   From the definition of critical porosity (Nur, 1992; Guo, 2012), the relationship 
between the whole volume V3 of the sandstone and the volume V4 occupied by the grains 
in the sandstone is 
                  
4 0 3( 1 )V V                                  (3) 
    where 0 is the critical porosity of the sandstone. The expressions for V3 and V4 are 
as follows: 
              3
3 1
4
3
V R     34
4
3
V m R                         (4) 
    With the combination of Equations 3 and 4, I can obtain the following relationship 
between R1 and R:  
161 
 
 
 
 
 
                   
3
3
1
01
mR
R



                                 (5) 
     Therefore, the relative volume of the cement in the loose sandstone is: 
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   Assuming that the porosity of the sandstone is  , then: 
                    
1 0C                                 (7) 
   From Equations 6 and 7, we can get the following equation for α： 
              4 2 0
0
3 3
0
16 4 1
n n  
 


  

                     (8） 
Where 
a
R
  , it is the normalized cementation radius; where
h
R
  , it is the normalized 
contact thickness.  
   By solving Equation 8, the expression for α is: 
             
2 0
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2 2
3 1n
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   If set ε=0, Equation 9 is simplified as:  
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Arrangement type II: 
   If the cement is distributed evenly around the grain, the thickness of the cement layer 
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can be expressed as follows: 
                       
2
2
a
H
R
                              (11) 
    where a is the cementation radius; R is the radius of the grain.  
    Therefore, the content of the cement in the sandstone is 
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   We can get the following equation: 
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   From Equation 13, I can get the following equation:  
              2 4 6 0
0
3 3 1
2 4 8 1
 
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
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                     (14) 
    Because α<1, α6<<α4<<α2, α6 and α
4
 can be ignored, then it can get the expression 
for α with arrangement type II: 
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